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A b s t r a c t  

Development o f  t h e  L i q u i d  D r o p l e t  R a d i a t o r  
(LOR) i s  desc r ibed .  S i g n i f i c a n t  p u b l i s h e d  
r e s u l t s  o f  p r e v i o u s  i n v e s t i g a t o r s  a r e  p resented ,  
and work c u r r e n t l y  i n  p rog ress  i s  d iscussed.  
Severa l  proposed LOR c o n f i g u r a t i o n s  a r e  descr ibed, 
and t h e  r e c t a n g u l a r  and t r i a n g u l a r  c o n f i g u r a t i o n s  
c u r r e n t l y  o f  most i n t e r e s t  a r e  examined. Develop- 
ment o f  t h e  d r o p l e t  genera to r ,  c o l l e c t o r .  and 
a u x i l i a r y  components a r e  d lscussed.  R a d i a t i v e  
per fo rmance o f  a d r o p l e t  sheet i s  cons idered,  and 
exper imen ta l  r e s u l t s  a r e  seen t o  be i n  very  good 
agreement w i t h  a n a l y t i c a l  p r e d i c t i o n s .  The c o l -  
l i s i o n  o f  d r o p l e t s  i n  t h e  d r o p l e t  sheet ,  t h e  
c h a r g i n g  o f  d r o p l e t s  by t h e  space plasma, and the 
e f f e c t  o f  a t m o z p h e r i r  drag on t h e  d r o p l e t  sheet  
a r e  shown t o  be o f  l i t t l e  consequence, o r  can  be 
m in im ized  by p roper  des ign .  The LDR i s  seen t o  
be l e s s  s u s c e p t i b l e  than c o n v e n t i o n a l  techno logy  
t o  t h e  e f f e c t s  o f  m ic rometeo ro ids  o r  h o s t i l e  
t h r e a t s .  The i d e n t i f l c a t l o n  o f  w o r k i n g  f l u i d s  
wh ich  a r e  s t a b l e  i n  t h e  o r b i t a l  env i ronments  o f  
i n t e r e s t  i s  a l s o  desc r ibed .  Methods f o r  reducing 
s p a c e c r a f t  con tamina t ion  f r o m  an LDR t o  an accept-  
a b l e  l e v e l  a r e  d iscussed.  P r e l i m i n a r y  r e s u l t s  o f  
m i c r o g r a v i t y  t e s t l n g  o f  t h e  d r o p l e t  genera to r  are 
p resen ted .  P o s s i b l e  f u t u r e  NASA and Air Force  
m iss ions  enhanced o r  enabled by an LOR a r e  a l s o  
d i scussed .  System s t u d i e s  i n d i c a t e  t h a t  t h e  LDR 
i s  p o t e n t l a l l y  l e s s  masslve t h a n  hea t  p i p e  rad ia -  
t o r s .  
S h u t t l e  o r  Space S t a t i o n  i s  seen t o  be a l o g i c a l  
n e x t  s t e p  i n  LDR development.  

Planned m l c r o g r a v l t y  t e s t i n g  aboard t h e  

I n  t roduc t i on -____-_ 

F u t u r e  space m iss ions  c u r r e n t l y  b e i n g  consid- 
e red  by NASA and t h e  A i r  Force  w i l l  r e q u i r e  power 
l e v e l s  f a r  i n  excess o f  Space S h u t t l e  o r  IOC Space 
S t a t i o n  usage. The development o f  power systems 
capab le  o f  s u p p l y i n g  megawatts o r  even g igawa t t s  
of  power has revea led  a need f o r  advanced space 
r a d l a t o r s  wh lch  can r e j e c t  t h e  a t t e n d a n t  waste 
hea t .  Heat p i p e  r a d i a t o r s ,  wh ich  r e p r e s e n t  the  
b e s t  o f  c u r r e n t  techno logy ,  t y p i c a l l y  have a 
s p e c i f i c  mass around 5 kg/m2. 
ments and advanced composi tes may e v e n t u a l l y  
reduce t h i s  f i g u r e  t o  2 k g h 2 . l  
ment o f  l o n g  l i f e  advanced r a d i a t o r s  w i l l  be  an 
e n a b l i n g  techno logy  f o r  r e a l i z a t i o n  o f  multimega- 
w a t t  space m iss ions .  Such r a d i a t o r s  w i l l  be  
s i g n i f i c a n t l y  l e s s  massive than  hea t  p i p e  o r  f i n  
r a d i a t o r  techno logy  i n  c u r r e n t  use. 

Design r e f i n e -  

The deve lop -  

Severa l  advanced r a d i a t o r  concepts expose the 
r a d i a t i n g  medium d i r e c t l y  t o  t h e  space e n v i r o n -  
ment, t h u s  e l l m i n a t i n g  t h e  mass o f  p i p i n g  charac- 
t e r i s t i c  o f  hea t  p i p e  r a d i a t o r s .  These concepts 
i n c l u d e  moving b e l t  concepts ,* d u s t  r a d i a t o r s  , 3  
and t h e  L i q u i d  D r o p l e t  Rad ia to r  (LOR). The LOR 
concept  i s  shown s c h e m a t i c a l l y  i n  F i g .  1 .  A 

*Member A I A A  

work ing  f l u i d  i s  heated  th rough  a hea t  exchanger,  
and i s  t hen  formed i n t o  b i l l i o n s  ( o r  t r i l l i o n s )  
o f  l l q u i d  d r o p l e t s  by a d r o p l e t  g e n e r a t o r .  The 
d r o p l e t s  a r e  focused by t h e  d r o p l e t  genera to r  t o  
a c o l l e c t o r ,  and t r a v e l  i n  space, c o o l i n g  by r a d i -  
a t i v e  exchange w i t h  t h e  space env l ronment .  The 
d r o p l e t  c o l l e c t o r  cap tu res  t h e  d r o p l e t s ,  and t h e  
work ing  f l u i d  i s  r e c y c l e d  th rough  t h e  hea t  
exchanger t o  t h e  d r o p l e t  genera to r .  The LDR con- 
c e p t  was f i r s t  suggested i n  19784 as an i n t r i n -  
s i c  improvement on t h e  d u s t  p a r t i c l e  r a d i a t ~ r . ~  
T h i s  paper rev iews  t h e  development t o  d a t e  o f  t h e  
LDR concept .  Development has been funded by 
AFRPL, NASA (Lewis ,  Lang ley ,  and M a r s h a l l ) ,  AFOSR, 
DOE, and by IRA0 f u n d i n g  a t  Grumman Aerospace, 
Spec t ra  Tech., I n c .  ( S T I ) ,  and McDonnel l  Douglas 
A s t r o n a u t i c s  ComDanv (MDAC). 

Numerous advantages o f  t h e  LOR concept .  as 
compared t o  e x i s t i n g  techno logy ,  have been sug- 
ges ted .  For  most a p p l i c a t i o n s  i n v e s t i g a t e d .  t h e  
LOR has a lower  s p e c i f i c  mass than  e x i s t i n g  t e c h -  
no logy .  The LOR 'is more r e a d i l y  dep loyed than  
e x i s t i n g  r a d i a t o r s ,  as i n d i c a t e d  i n  F i g .  2 . l  A 
p o s s i b l e  deployment sequence f o r  a r e c t a n g u l a r  
LOR ( d i f f e r e n t  LOR c o n f i g u r a t i o n s  a r e  d e s c r i b e d  
i n  t h e  n e x t  s e c t i o n )  i s  shown. Deployment o f  a 
t r i a n g u l a r  LOR ( l . e . ,  one w i t h  a focused d r o p l e t  
sheet  converg ing  a t  t h e  c o l l e c t o r  ( F i g .  3 ) )  would 
l i k e l y  occur  by a s i m i l a r  p rocedure .  A d d i t t o n -  
a l l y ,  t h e  LDR o f f e r s  p romise  o f  compact stowage 
i n  t h e  S h u t t l e  bay. The a c t i v e  r a d i a t i n g  area  o f  
an LOR i s  t h e  s u r f a c e  area  o f  t r i l l i o n s  o f  sub- 
m i l l i m e t e r  d r o p l e t s ;  t hese  d r o p l e t s  c o l l e c t i v e l y  
have a sma l l  volume when condensed i n t o  a compact 
l i q u i d  mass. Thus, t h e  LDR i s  compact ly  stowed 
as a r e s u l t  o f  t h e  h i g h  s u r f a c e  a rea  t o  volume 
r a t i o  o f  a s u b m i l l i m e t e r  sphere.  

The LOR i s  r e l a t i v e l y  immune t o  damage f r o m  
mlcrometeoro ids .  s i n c e  o n l y  t h e  genera to r ,  c o l l e c -  
t o r ,  and any connec t ing  p i p i n g  need be armored. 
For  s i m i l a r  reasons, t h e  LOR i s  r e l a t i v e l y  immune 
t o  h o s t i l e  t h r e a t s  f r o m  l a s e r ,  p a r t i c l e  beam o r  
k i n e t i c  energy w e a p o n s . 5 ~ ~  
LDR a r e  d i scussed  i n  dep th  i n  man a e r s ,  espe- 
c i a l l y  i n  t h e  e a r l i e r  l i t e r a t u r e . r * 7 * E  

The m e r i t s  o f  t h e  

T h i s  paper d i scusses  t h e  p rog ress  ach ieved  t o  
d a t e  i n  t h e  development o f  t h e  LDR. A number o f  
a l t e r n a t i v e  LDR geomet r ies  have been proposed, 
and these  a r e  b r i e f l y  desc r ibed  and rev iewed.  O f  
t hese  o p t i o n s ,  r e c t a n g u l a r  and t r i a n g u l a r  LDR's 
appear most p romis ing ,  and a r e  d i scussed  i n  more 
d e t a i l .  The des ign ,  t e s t i n g ,  and f u r t h e r  deve lop-  
ment o f  a d r o p l e t  genera to r  and c o l l e c t o r  f o r  t h e  
r e c t a n g u l a r  and t r i a n g u l a r  LOR'S a r e  rev iewed.  
D r o p l e t  f o r m a t i o n  c o n s t r a i n t s  and t h e  l i m i t a t i o n s  
o f  c u r r e n t  o r i f i c e  f a b r i c a t i o n  techno logy  a r e  
d iscussed,  and a r e  shown t o  be an i n t e g r a l  p a r t  
o f  genera to r  des ign .  A concep tua l  d e s i g n  o f  a 
focused d r o p l e t  g e n e r a t o r  i s  presen ted .  T h i s  
g e n e r a l  des ign  i s  modular i n  n a t u r e ,  and can be 
adapted  t o  ensure  r e l i a b l e  o p e r a t i o n ,  even a f t e r  
numerous m ic rometeo ro id  encounters .  A l i n e a r  
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c o l l e c t o r  f o r  t he  r e c t a n g u l a r  LDR has been 
des igned,  f a b r i c a t e d ,  and t e s t e d  a t  Grumman. 
Sucess fu l  d r o p l e t  c o l l e c t i o n  was demonstrated f o r  
i n c i d e n t  d r o p l e t  v e l o c i t i e s  below 6 m / s .  D e t a i l s  
o f  t h e  t e s t i n g ,  i n c l u d i n g  s i m u l a t e d  zero  g r a v i t y  
v e r i f i c a t i o n ,  a re  summarized. A c e n t r i f u g a l  c o l -  
l e c t o r  f o r  a t r i a n g u l a r  LDR i s  b r i e f l y  desc r ibed .  

has a tremendous i n f l u e n c e  on component des ign .  
Analyses o f  t h e  r a d i a t i v e  behav io r  o f  t h e  d r o p l e t  
sheet  a r e  summarized, and t h e o r e t i c a l  p r e d i c t i o n s  
a r e  compared w i t h  exper lmen ta l  measurements. 
C o l l i d i n g  d r o p l e t s  i n  t h e  d r o p l e t  sheet  have been 
I n v e s t i g a t e d ,  and exper lmen ta l  and a n a l y t i c a l  
r e s u l t s  a r e  presented. 

t h e  d r o p l e t  sheet,  and t h e  f i n d i n g s  o f  a n a l y t i c a l  
assessments o f  these two i s s u e s  a r e  p resen ted .  
The behav io r  o f  a d r o p l e t  sheet  exposed t o  a 
m ic rometeo ro id  shower o r  t o  h o s t i l e  t h r e a t s  i s  
b r i e f l y  d iscussed.  I d e n t l f i c a t l o n  o f  a s u i t a b l e  
d r o p l e t  f l u i d  I s  cons idered.  S t a b i l i t y  o f  t h e  
work ing  f l u i d  t o  atomic oxygen and UV r a d l a t l o n  
i s  d iscussed,  and p r e l i m i n a r y  exper imen ta l  f i n d -  
i n g s  a r e  summarized. 

Two o t h e r  development i ssues  a r e  cons ide red .  
Proper LDR des ign  must reduce p o t e n t i a l  s p a c e c r a f t  
con tamina t ion  t o  an accep tab le  l e v e l .  A number 
o f  approaches t o  ach iev lng  t h i s  a r e  p resented .  
Enc los lng  t h e  d r o p l e t  sheet w l t h  a m a t e r i a l  t r a n s -  
p a r e n t  t o  I R  I s  d iscussed as a p r o m i s i n g  s o l u t i o n .  
Secondly,  m i c r o g r a v i t y  t e s t i n g  o f  t h e  LDR I s  d i s -  
cussed, and p r e l i m i n a r y  r e s u l t s  o f  m i c r o g r a v i t y  
t e s t l n g  o f  t h e  d r o p l e t  genera to r  a r e  p resented .  

The behav lo r  and s i z i n g  o f  t h e  d r o p l e t  sheet  

D r o p l e t  charg ing  and a tmospher ic  d r a g  a f f e c t  

The d e s i g n  o f  t h e  LDR system I s  b r i e f l y  d i s -  
cussed as a b a s i s  f o r  e s t i m a t i n g  LDR s p e c i f i c  
power. P o t e n t i a l  m iss ions  enhanced o r  enab le  by 
LDR techno logy  are  b r i e f l y  rev iewed,  and t h e  LDR 
I s  compared w l t h  heat p i p e  techno logy .  F i n a l l y ,  
conc lus ions  and f u t u r e  p l a n s  a r e  p resen ted .  

A l t e r n a t l v e  Conf I q u r a t l o n s  

A number o f  d l f f e r e n t  LDR geomet r ies  have 
been proposed and eva lua ted .  The s p i r a l  LDR5 
employs a genera tor  and c o l l e c t o r  wh ich  r o t a t e  a t  
t h e  same a n g u l a r  v e l o c i t y .  D r o p l e t s  e j e c t e d  f rom 
t h e  genera to r  t r a v e r s e  a s p i r a l  t r a j e c t o r y ,  and 
a r e  then  c o l l e c t e d .  A r e l a t e d  concept ,  t h e  
enc losed d i s c  LDR,5 a l s o  c o n t a i n s  a d r o p l e t  
genera to r  a t  t h e  center  o f  a d i s c  o f  r a d i a t i n g  
d r o p l e t s .  I n  t h e  enclosed d i s c  LDR, o n l y  t h e  
c o l l e c t o r  r o t a t e s .  The d r o p l e t  sheet  I s  a t h i n  
d i s c  o f  d r o p l e t s ,  w i t h  a d i s c  r a d i u s  equa l  t o  t h e  
d i s t a n c e  between d r o p l e t  genera to r  and c o l l e c t o r .  
The e n t i r e  r a d i a t o r  i s  enc losed by a t r a n s p a r e n t  
shroud, wh ich  minimizes s p a c e c r a f t  con tamina t ion  
r e s u l t i n g  f r o m  any e r r a n t  d r o p l e t s .  A t h i r d  v a r -  
i a t i o n ,  t h e  annu lar  LOR,5 u t i l i z e s  a r o t a t i n g  
c o l l e c t o r  t o  capture  a n  annu la r  sheet  o f  d r o p l e t s  
f r o m  an a n n u l a r  genera tor .  A t  l e a s t  two d e t a l l e d  
e v a l u a t i o n s  o f  t he  s p i r a l ,  d i s c ,  and annu la r  LDR 
c o n f i g u r a t i o n s  have been c ~ n d u c t e d . ~ * ~  The 
r e l a t i v e  m e r i t s  o f  t hese  t h r e e  concepts ,  as w e l l  
as o t h e r  concepts  d iscussed below, were cons ld -  
e red .  The annu la r  LDR was d i s r e g a r d e d  because o f  
I n e f f i c i e n t  r a d i a t i v e  performance - t h e  sheet  
r a d i a t e s  t o  i t s e l f  more t h a n  t h e  d r o p l e t  sheets  
of  a l t e r n a t e  c o n f l g u r a t l o n s .  The d i s c  and s p i r a l  
ILDR geomet r ies  were a l s o  e l l m l n a t e d .  A consensus 

o p l n i o n  was t h a t  t hese  concepts  were more complex, 
due t o  unnecessary r o t a t i o n  o f  t h e  c o l l e c t o r .  
Other  f a c t o r s  were cons ide red  i n  e l i m i n a t i n g  these  
concepts ;  t h e s e  a r e  d i scussed  e l  ~ e w h e r e . 5 . ~  

Severa l  proposed v a r i a t i o n s  o f  t h e  LDR u t i l i z e  
e l e c t r i c  f i e l d s  t o  c o n t r o l  d r o p l e t  t r a j e c t o r i e s .  
Use of  an e l e c t r i c  f i e l d  f o r  such a purpose has 
had commercial  success I n  t h e  I n k  J e t  P r i n t e r  
marke t ,  where d r o p l e t  c h a r g i n g  and subsequent 
e l e c t r o s t a t i c  d e f l e c t i o n  i s  r o u t i n e .  The e l e c t r o -  
s t a t i c  t he rma l  r a d i a t o r  (ETHER)q i s  e s s e n t l a l l y  
a proposed v a r i a t i o n  o f  t h e  LDR. The d r o p l e t s  
a r e  formed by c o n v e n t i o n a l  means, and a r e  subse- 
q u e n t l y  charged.  A s  a r e s u l t  o f  an a p p l i e d  charge 
on t h e  s p a c e c r a f t  t h a t  i s  o p p o s i t e ' t h e  d r o p l e t  
charge. t h e  d r o p l e t s  w i l l  execute  a s l i g h t l y  
e l l i p t i c a l  o r b i t .  T h l s  c l o s e d  t r a j e c t o r y  would 
a l l o w  a d r o p l e t  g e n e r a t o r  and c o l l e c t o r  t o  be 
c l o s e l y  l o c a t e d  on a s p a c e c r a f t ,  t he reby  e l i m i -  
n a t i n g  s t r u c t u r a l  and p i p l n g  mass. The proposed 
ETHER concept  has n o t  been f u r t h e r  i n v e s t i g a t e d ,  
due t o  concerns abou t  d rop le t -p lasma i n t e r a c t i o n s .  
A p p l y i n g  and m a i n t a i n i n g  a s teady  charge on a 
s p a c e c r a f t  i n  l o w  e a r t h  o r b i t  i s  a l s o  a s i g n l f i -  
c a n t  t e c h n o l o g i c a l  b a r r i e r ,  s i n c e  t h e  s p a c e c r a f t  
w i l l  a c q u i r e  i t s  own p o t e n t i a l .  

The u t i l l z a t l o n  o f  magnet ic  f i e l d s  t o  c o n t r o l  
d r o p l e t  t r a j e c t o r i e s  has a l s o  been l n v e s t l -  
ga ted . l0S1 l  T h i s  o p t i o n  i s  d i scussed  as an 
a l t e r n a t e  c o l l e c t o r  concept  l a t e r  i n  t h i s  paper .  

Rec tangu la r  and t r i a n g u l a r  v e r s i o n s  o f  t h e  
LDR have been i n v e s t i g a t e d  most e x t e n s i v e l y .  The 
r e c t a n g u l a r  LDR, shown i n  F l g .  2, employs a l i n e a r  
c o l l e c t o r  wh ich  i s  as w ide  as t h e  d r o p l e t  genera- 
t o r .  The c o l l e c t o r  can be two s ided,  as shown i n  
F i g .  2, where two d r o p l e t  sheets t r a v e l i n g  i n  
o p p o s i t e  d i r e c t i o n s  impact  a s i n g l e  c o l l e c t o r .  
An a l t e r n a t e  v a r i a t i o n  would u t i l i z e  a one s ided  
c o l l e c t o r ,  w i t h  o n l y  one genera to r  and d r o p l e t  
sheet .  I n  a r e c t a n g u l a r  LDR, t h e r e  i s  no focus -  
i n g  o f  t h e  d r o p l e t  sheet ,  and t h e  d r o p l e t  number 
d e n s i t y  remains c o n s t a n t  a long  t h e  f l i g h t  p a t h .  
Severa l  c o l l e c t o r  concepts  f o r  a r e c t a n g u l a r  LDR 
have been proposed. One o f  t hese  has been i n v e s -  
t i g a t e d  ex e r i m e n t a l l y  and a n a l y t i c a l l y  a t  
Grumman.l v Y 2  The t r i a n g u l a r  LDR concept ,  shown 
i n  F i g .  3, employs a d r o p l e t  g e n e r a t o r  t o  f o r m  a 
converg ing  a r r a y  ( s h e e t )  o f  d r o p l e t s .  The c o l -  
l e c t o r ,  l o c a t e d  a t  t h e  convergence p o i n t  o f  t h e  
d r o p l e t  sheet ,  employs a c e n t r i f u g a l  f o r c e  t o  
c a p t u r e  t h e  d r o p l e t s .  

The r e l a t i v e  m e r l t s  o f  t h e  r e c t a n g u l a r  and 
t r i a n g u l a r  c o n f l g u r a t i o n s  have been cons ide red  I n  
d e t a i l  by researchers  a t  t h e  U n i v e r s i t y  o f  Wash- 
i n g t o n  (UW). Mathemat ica l  Sciences Nor thwest  
(MSNW, now known as S T I ) ,  Grumman, McDonnell 
Douglas,  NASA Lewls,  and t h e  A i r  Force  Rocket 
P r o p u l s i o n  Labora to ry  (AFRPL). The t r i a n g u l a r  
LDR I s  i n h e r e n t l y  l e s s  massive,  because o f  t h e  
s m a l l e r  c o l l e c t o r  p o s s i b l e  w i t h  a focused sheet .  
Recent system s t u d i e s  have i n d i c a t e d  t h a t  a t r i -  
a n g u l a r  LDR can be 40 p e r c e n t  l e s s  mass ive  than  a 
r e c t a n g u l a r  LDR. Never the less ,  t h e r e  a r e  com- 
p e l l i n g  reasons wh ich  argue f o r  a c o n s i d e r a t i o n  
of  a r e c t a n g u l a r  LOR. The d r o p l e t  genera to r  i s  
l e s s  complex f o r  a l i n e a r  c o l l e c t o r ,  s i n c e  i t  I s  
n o t  r e q u i r e d  t o  genera te  a focused d r o p l e t  sheet .  
Fo r  any sheet  w i d t h  and l e n g t h ,  a r e c t a n g u l a r  
shee t  has t w i c e  t h e  a rea  o f  a t r i a n g u l a r  sheet ,  
and t h e r e f o r e  a r e c t a n g u l a r  LDR can r e j e c t  more 
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hea t .  A d d i t i o n a l l y ,  i t  was o r i g i n a l l y  recogn ized 
t h a t  a c e n t r i f u g a l  c o l l e c t o r  m i g h t  be more com- 
p l e x  t h a n  a l i n e a r  c o l l e c t o r ,  as t h e  r o t a t i n g  
c o l l e c t o r  m i g h t  r e q u i r e  r o t a t i n g  f l u i d  coup l i ngs .  
That  i s .  complex r o t a t i n g  sea ls  wh ich  would oper -  
a t e  i n  a zero  g r a v i t y  env i ronment  were thought t o  
be r e q u i r e d .  However, t h e  use o f  p i t o t  tube p i c k -  
ups t o  e l i m i n a t e  such r o t a t i n g  sea ls  has been 
s u c c e s s f u l l y  demonstrated, and i s  d iscussed l a t e r .  

For  t h e  reasons d i scussed  above, i t  was 
observed t h a t  t h e  r e c t a n g u l a r  and t r i a n g u l a r  
o p t i o n s  b o t h  had c o n s i d e r a b l e  m e r i t .  A p a r a l l e l  
development e f f o r t  o f  t h e  c e n t r i f u g a l  and l i n e a r  
c o l l e c t o r s  thus  ensued. A number o f  c r i t i c a l  
i s s u e s  i n  t h e  development o f  t h e  t r i a n g u l a r  LDR 
have been p a r t i a l l y  o r  t o t a l l y  reso lved .  for 
example, a f e a s i b l e  concep tua l  des ign  o f  a focused 
d r o p l e t  genera to r  has been suggested. S i m i l a r l y ,  
t h e  use o f  p i t o t  p i ckups  e l i m i n a t e s  t h e  need f o r  
complex r o t a t i n g  sea ls .  T h i r d l y ,  c o l l i s i o n s  i n  a 
focused d r o p l e t  sheet  r e s u l t  i n  coalescence o f  
t h e  i m p a c t i n g  d r o p l e t s .  These I ssues  a r e  dis- 
cussed l a t e r  i n  more d e t a i l .  S ince  these  f e a s i -  
b i l i t y  i s s u e s  a r e  a p p a r e n t l y  r e s o l v a b l e ,  the  
t r i a n g u i a r  i X  i s  now b e i n g  cieveiupeci niure ex ie i i -  
s i v e l y .  A l though  development o f  t h e  l i n e a r  c o l -  
l e c t o r  i s  n o t  be ing  funded a t  p resen t ,  i t  has n o t  
been e l i m i n a t e d  f rom f u r t h e r  c o n s i d e r a t i o n .  
Unforeseen b a r r i e r s  t o  t h e  success fu l  demonstra- 
t i o n  of a t r i a n g u l a r  LDR may l e a d  t o  a renewed 
i n t e r e s t  i n  t h e  l i n e a r  c o l l e c t o r  a t  some f u t u r e  
da te .  

D r o p l e t  Genera tor  Development 

Many s t r i n g e n t  requ i rements  a r e  p laced  on t h e  
des ign  and o p e r a t i o n  o f  t h e  d r o p l e t  genera tor .  
The genera to r  must c r e a t e  a w e l l - d e f i n e d  th ree-  
d imens iona l  a r r a y  o f  d r o p l e t s .  A p o i n t  design o f  
an LDR ( r e j e c t i n g  6 .3  MW) computed d r o p l e t  sheet 
mass, component masses, s t r u c t u r a l  mass, and t h e  
mass o f  p i p e  and pumps.5 
d r o p l e t  genera to r  rep resen ted  15 t o  20 percent  o f  
t h e  t o t a l  r a d i a t o r  mass, depending on t h e  d r o p l e t  
r a d i u s  assumed. M i n i m i z i n g  d r o p l e t  genera tor  
mass w i l l  t hus  have a s i g n i f i c a n t  impact  on t o t a l  
r a d i a t o r  mass. S i m i l a r l y ,  p o i n t  des igns  for 
t y  i c a l  LDR miss ions  have i n d i c a t e d  t h a t  between 

r e q u i r e d .  For  a megawatt r a d i a t o r ,  each stream 
m i g h t  c o n t a i n  l o 5  d r o p l e t s .  
d r o p l e t  v e l o c i t y  a r e  s t i l l  b e i n g  i n v e s t i g a t e d  
b u t  a range o f  3 t o  30 m/s f o r  each o f  t h e  loio 
t o  1 0 l 2  d r o p l e t s  appears reasonab le .  
50 t o  500 pm d iamete r  d r o p l e t s  a r e  requ i red .  

For t h i s  example, t h e  

10  ! and l o 7  d r o p l e t  streams a r e  t y p i c a l l y  

Requirements on 

S i m i l a r l y ,  

D r o p l e t  a im ing  requ i rements  f o r  an LDR drop-  
l e t  genera to r  have been s y s t e m a t i c a l l y  i n v e s t i -  
g a t e d . 5 * 6  A l though g e n e r a t i n g  p r e c i s e l y  aimed 
d r o p l e t  streams i s  a genera to r  requ i rement ,  c o l -  
l e c t o r  mass i s  a p p r e c i a b l y  a l t e r e d .  P r e l i m i n a r y  
LOR system mass s t u d i e s  i n d i c a t e  t h a t  c o l l e c t o r  
mass beg ins  t o  become a s i g n i f i c a n t  f r a c t i o n  o f  
t o t a l  LDR mass o n l y  when t h e  a im ing  accuracy 
approaches 10 mrad.5 Thus, improv ing  t h e  a iming  
accuracy  f r o m  10  mrad t o  perhaps 2 mrad does n o t  
s i g n i f i c a n t l y  improve t o t a l  LDR mass, a l though 
c o l l e c t o r  mass i s  reduced s u b s t a n t i a l l y .  The 
c r i t i c a l  requ i remen t  on genera to r  a im ing  i s  t h a t  
no d r o p l e t  s t ream m i s s  t h e  c o l l e c t o r .  W i t h  l o 5  
d r o p l e t  streams, m i s d i r e c t i o n  o f  one stream y i e l d s  
a mass l o s s  i n  two weeks approx lma te l x  equal t o  
t h e  mass o f  t h e  e n t i r e  d r o p l e t  sheet .  

The ma jo r  impac t  o f  genera to r  a i m i n g  may be 
on t h e  r a d i a t i v e  per fo rmance o f  t h e  d r o p l e t  sheet .  
A l though t h i s  e f f e c t  has n o t  been q u a n t i f i e d ,  
b e t t e r  a im ing  accuracy  o b v i o u s l y  w i l l  reduce t h e  
number o f  d r o p l e t  c o l l i s i o n s  w i t h i n  t h e  sheet .  
The c o l l i s i o n  and coa lescence o f  two d r o p l e t s  
reduces t h e i r  comblned a rea  by 21 pe rcen t .  There-- 
f o r e ,  a l a r g e  number o f  d r o p l e t  c o l l i s i o n s  w i l l  
reduce t h e  r a d i a t i v e  e f f e c t i v e n e s s  o f  t h e  d r o p l e t  
sheet .  Hence, t h e  a im ing  requ i remen t  o f  t h e  drop-  
l e t  genera to r  shou ld  be as s t r i n g e n t  as c u r r e n t  
f a b r i c a t i o n  techno logy  w i l l  a l l o w .  

as cand lda te  methods f o r  f o r m i n g  t r i l l i o n s  o f  
d r o p l e t s  o f  u n i f o r m  v e l o c i t y  and d iamete r .  O f  
these,  breakup o f  a l i q u i d  j e t  by a p p l i c a t i o n  o f  
an imposed p e r i o d i c  d i s t u r b a n c e  i s  most s a t i s f a c -  
t o r y .  R a y l e i g h  breakup o f  a l i q u i d  j e t  has been 
employed t o  p roduce up t o  250 000 d r o p l e t s  p e r  
second f r o m  a s i n g l e  o r i f i c e . l 3  
I n k  J e t  P r i n t e r s  work on t h i s  concept ,  and d e t a i l s  
o f  j e t  b reakup i n t o  u n i f o r m  d r o p l e t s  have been 
r e p o r t e d  e x t e n s i v e l y  i n  t h e  1 i t e r a t ~ r e . l ~  
development t o  da te ,  d r o p l e t  g e n e r a t i o n  has been 

STI,5 UW,15 Grumman,12 t h e  U n i v e r s i t  
C a l i f o r n i a  (USC),16 and NASA Lew is . l r  Most work 
has been w i t h  l o w  vapor p r e s s u r e  o i l s .  D r o p l e t  
f o r m a t i o n  u s i n  mercury was i n v e s t i g a t e d  ve ry  
b r i e f l y  a t  UW,q5 t o  a s c e r t a i n  t h e  e f f e c t s  o f  
h i g h  s u r f a c e  t e n s i o n  ( l o w  Weber number). Drop- 
l e t s  o f  mercury  were genera ted ,  b u t  no s i g n i f i -  
can t  conc lus ions  c o u l d  be drawn. 

s i v e l y  a t  NASA Lewis,  b o t h  e ~ p e r i m e n t a l l y l ~  and 
a n a l y t i ~ a l l y . l ~ * ~ ~  D r o p l e t s  r a n g i n g  f r o m  60 t o  
1000 pm d iamete r  have been genera ted  f r o m  s i n g l e  
and m u l t i p l e  h o l e  o r i f i c e s  o f  33 t o  200 pm diam- 
e t e r .  Un i fo rm d r o p l e t  f o r m a t i o n  occurs  over  a 
wide range o f  s t i m u l a t i o n  f r e q u e n c i e s .  The gener -  
a t o r  o p e r a t i n g  reg ime i n  wh ich  u n i f o r m  d r o p l e t  
f o r m a t i o n  occurs  i s  a f u n c t i o n  o f  f requency ,  d rop -  
l e t  v e l o c i t y ,  and f l u i d  p r o  e r t i e s  such as v i s -  
c o s i t y  and s u r f a c e  t e n ~ l o n . ~ ~  Orlf i c e  geometry 
has l i t t l e  o r  no  e f f e c t  on d r o p l e t  f o r m a t i o n .  
The f o r m a t i o n  r e g i o n s  observed a t  NASA Lewis ag ree  
q u a l i t a t i v e l y  w i t h  numerous o t h e r  i n v e s t i g a t i o n s ,  
a l t h o u g h  s l i g h t l y  w ide r  o p e r a t i n g  r e g i o n s  were 
observed a t  NASA Lewis t h a n  elsewhere. T h i s  i s  
a p p a r e n t l y  due t o  square wave p u l s i n g  ( r a t h e r  
than  t h e  more common s i n u s o i d a l )  o f  t h e  p iezo -  
e l e c t r i c  s t i m u l a t o r .  T h i s  i s  c u r r e n t l y  b e i n g  
i n v e s t i g a t e d  a t  NASA Lewis.  The d r o p l e t  f o r m a t i o n  
r e g i o n s  a r e  b e i n g  d e f i n e d  i n  terms o f  a p p r o p r i a t e  
d imens ions less  groups, so as t o  be a p p l i c a b l e  t o  
any LDR f l u i d  o f  i n t e r e s t .  

A number o f  techn iques  have been cons ide red  

A l l  con t i nuous  

I n  LDR 

dei i lof ist i - i ted e A p e r l i ~ ~ t a l : y  by  rej farcher;  st 
o f  Southern  

D r o p l e t  f o r m a t i o n  has been i n v e s t i g a t e d  ex ten -  

The c o u p l i n g  o f  imposed p e r i o d i c  waveforms 
w i t h  t h e  r e s u l t i n g  c a p i l l a r y  i n s t a b i l i t i e s  
observed p r i o r  t o  j e t  b reakup has been i n v e s t i -  
ga ted  i n  d e t a i l  .18 The imposed p e r i o d i c  waveform 
I s  g e n e r a l l y  a s i n u s o i d a l  v o l t a g e  s i g n a l  wh ich  i s  
used as i n p u t  t o  a p i e z o e l e c t r i c  t r a n s d u c e r .  The 
o u t p u t  o f  t h e  t ransducer  i s  a dynamic p r e s s u r e  
v a r i a t i o n ,  wh ich  genera tes  c a p i l l a r y  i n s t a b i l l -  
t i e s  on t h e  l i q u i d  j e t .  The r e g i o n s  o f  convec- 
t i v e  and a b s o l u t e  i n s t a b i l i t y  o f  a l i q u i d  j e t  have 
a l s o  been i n v e s t i g a t e d  a n a l y t i c a l l y  f o r  i n v i s c i d 1 8  
and v i scous  f 1 ~ i d s . l ~  
menta l  and a n a l y t i c a l  r e s u l t s  i s  i n  p rog ress .  

A comparison o f  e x p e r i -  
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D r o p l e t  s t ream s t a b i l i t y  over  f l i g h t  pa ths  o f  
t e n s  o r  hundreds of meters  i s  o f  g r e a t  concern  i n  
t h e  LDR development program. I n  o r d e r  t o  p r e v e n t  
i n t r a - s t r e a m  d r o p l e t  c o l l i s i o n s ,  t h e  v a r i a n c e  I n  
i n d i v i d u a l  d r o p l e t  v e l o c i t i e s  must be sma l l .  
Researchers a t  USC have e x p e r i m e n t a l l y  I n v e s t i -  
ga ted  i n t r a - s t r e a m  v e l o c i t y  d i s p e r s i o n .  wh ich  i s  
t h e  r a t i o  o f  va r iance  i n  v e l o c i t y  t o  t h e  average 
d r o p l e t  V e l o c i t y .  The exper imen ta l  appara tus  1s 
desc r ibed  i n  d e t a i l  e lsewhere.16 When a conven- 
t l o n a l  s i n u s o i d a l  d i s tu rbance  i s  a p p l i e d  t o  t h e  
p iezo ,  v e l o c i t y  i s  around 
A s i g n i f i c a n t  f i n d i n g  has been i n  t h e  a p p l i c a t i o n  
o f  an a m p l i t u d e  modulated s i n u s o i d a l  waveform t o  
t h e  p i e z o e l e c t r i c  t ransducer .  The b a s i c  c a r r i e r  
waveform was a s i n u s o i d a l  c a r r i e r  wave w i t h  a 
f requency  between two and e i g h t  t imes  t h e  
f requency  o f  t h e  modu la t ion  s i n u s o i d .  I f  t h i s  
r a t i o  I s  denoted  as N ( N  = 2,3, ... 8 ) .  v e l o c i t y  
d i s p e r s i o n  was observed t o  decrease as N i s  
i n c r e a s e d . 1 4 ~ 1 6  Fur the r  research  (unpub l i shed)  
revea led  a f u n c t i o n a l  dependence o f  1/N between 
v e l o c i t y  d i s p e r s i o n  and N. 

An o r d e r  o f  magnitude r e d u c t i o n  i n  v e l o c i t y  
d i s p e r s i o n  may have a s i g n i f i c a n t  impact  on t h e  
behav io r  o f  t h e  d r o p l e t  sheet .  T h i s  can be seen 
i n  F i g .  4, wh ich  i s  d i scussed  i n  more d e t a i l  e l s e -  
where.Z1 F i g u r e  4 shows t h e  d i s t a n c e  t h a t  a 
d r o p l e t  s t ream can t r a v e l  b e f o r e  s i g n i f i c a n t  
merg ing  has occur red .  F o r  a t y p i c a l  LOR f l i g h t  
p a t h  o f  100 m, v e l o c i t y  d i s p e r s i o n s  be low 
a r e  r e q u i r e d .  
s t ream have been demonstrated.16 
p r o p e r l y  des igned d r o p l e t  genera to r ,  d r o p l e t  
streams c o u l d  t r a v e l  100 m i n  an LDR w i t h o u t  s l g -  
n i f i c a n t  merg ing  f r o m  i n t r a - s t r e a m  c o l l i s i o n s .  

D ispers ions  o f  5x10-7 I n  a s i n g l e  
Thus, u s i n g  a 

Severa l  p o i n t  designs o f  an LOR d r o p l e t  gen- 
e r a t o r  have i n d i c a t e d  t h a t  t h e  mass o f  f l u i d  i n  
t h e  genera to r  i s  a dominant pe rcen tage  o f  t h e  
genera to r  mass .5*22 Cur ren t  research  i s  devoted  
t o  m i n i m i z i n g  t h e  s i ze  and mass o f  t h e  genera- 
t o r , 2 3  and thus  o f  the  makeup work ing  f l u i d  
w i t h i n  t h e  genera to r .  Prev ious  d r o p l e t  f o r m a t i o n  
s t u d i e s  a t  NASA Lewls17 and USC16 have u t i l i z e d  
an a c o u s t i c  c a v i t y  upstream o f  t h e  o r i f i c e s .  A 
p i e z o e l e c t r i c  t ransducer  i s  e i t h e r  immersed I n  t h e  
c a v i t y ,  o r  separated f r o m  t h e  c a v i t y  by a d i a -  
phragm, and a pressure  waveform i s  the reby  a p p l i e d  
t o  t h e  j e t s  i s s u i n g  f r o m  t h e  c a v i t y .  C a v i t y  
a c o u s t i c s  i n d i c a t e  t h a t  t h e  c a v i t y  must be a t  
l e a s t  h a l f  a wavelength long,  where t h e  wave length  
i n  q u e s t i o n  corresponds t o  t h e  d e s i r e d  e x c i t a t i o n  
f requency .  For cond i t i ons  o f  i n t e r e s t  t o  t h e  
LDR, a c a v i t y  dimension o f  14 cm i s  i n d i c a t e d .  
T h i s  I s  u n d e s i r a b l e  f o r  a l o w  mass g e n e r a t o r .  An 
a l t e r n a t e  approach i s  t o  mount t h e  p i e z o  on t h e  
downstream s i d e  of  the  o r i f i c e  p l a t e ,  t he reby  
e l i m i n a t i n g  t h e  need f o r  an a c o u s t i c  c a v i t y .  
P r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  v e l o c i t y  d l s -  
p e r s i o n s  i n  such a des ign  a r e  comparable t o  those  
observed e a r l i e r . 2 3  Measurement o f  v e l o c i t y  
d i s p e r s i o n  i n  a 1 0 0 - o r i f i c e  a r r a y  o f  j e t s  i s s u i n g  
f r o m  such a genera tor  i s  c u r r e n t l y  i n  p rog ress .  

m i c r o - o r i f i c e s  was i d e n t i f i e d  e a r l y  as a c r i t i c a l  
t echno logy  I s s u e .  A t  l e a s t  n i n e  fundamenta l l y  
d i f f e r e n t  o r i f i c e  f a b r i c a t i o n  methods have been 
i d e n t i f i e d :  l a s e r  d r i l l i n g .  e l e c t r o d i s c h a r g e  
mach in ing  (EDM), e lec t rochemica l  m i l l i n g  (ECM), 
mechanical  d r i l l i n g ,  mechanical  b roach ing  
(punch ing ) ,  e l e c t r o n  beam mach in ing  (EBM), 

l h e  f a b r i c a t i o n  o f  thousands o f  h i g h  q u a l i t y  

e l e c t r o f o r m i n g  ( chemica l  m i l l i n g ) ,  i o n  d r i l l i n g ,  
and t h e  d raw ing  ( p u l l i n g )  o f  s o l u b l e  c o r e  g l a s s  
f i b e r s .  The f i r s t  f o u r  o f  t hese  methods were 
e v a l u a t e d  as c a n d i d a t e  techno1 o g i  es . 9 

Based on t h i s  e v a l u a t i o n ,  NASA Lewis dec ided  t o  
deve lop  mechan ica l  d r i l l i n g  in -house.  I t  was 
l a t e r  d i s c o v e r e d  t h a t  e l e c t r o f o r m i n g  i s  u t j l i z e d  
by s e v e r a l  I n k  J e t  P r i n t e r  manu fac tu re rs  t o  f a b -  
r i c a t e  o r i f i c e  p l a t e s  w i t h  t r a j e c t o r y  a c c u r a c i e s  
comparable t o  o r  b e t t e r  t h a n  those  p o s s i b l e  w i t h  
mechan ica l  d r i l l i n g .  However, due t o  a l o w  aspec t  
r a t i o  l i m i t a t i o n  o f  chemica l  m i l l i n g ,  i t  was r e a l -  
i z e d  t h a t  g e n e r a t o r  d e s i g n  would be comp l i ca ted  
i f  t h e  e l e c t r o f o r m i n g  techno logy  were r e l i e d  upon. 

In -house development o f  mechan ica l  d r i l l i n g  
a t  NASA Lewis was i n i t i a l l y  focused on choos ing  
t h e  optimum o r i f i c e  geometry.  
t h e  d e s i r e  f o r  h i g h  d i s c h a r g e  c o e f f i c i e n t s ,  and 
s e v e r a l  o t h e r  f a c t o r s  were c o n ~ 1 d e r e d . l ~  The 
geomet r ies  I n v e s t i g a t e d  a r e  shown i n  F i g .  5 .  The 
chamfered geometry (minus t h e  p r o t r u d i n g  l i p )  o f  
F i g .  5 was chosen f o r  f u r t h e r  development.  Fab- 
r i c a t i o n  o f  such a p r o f i l e  i s  a two s t e p  process .  
A c o n i c a l  e n t r y  I s  f i r s t  machined. The second 
s t e p  i n v o l v e s  d r i l l i n g  t h e  f i n a l  o r i f i c e  d iamete r .  
The o r i f i c e  l e n g t h  t o  d iamete r  r a t i o  i s  v a r i a b l e ,  
b u t  i s  t y p i c a l l y  between one and two. Two c r i t i -  
c a l  i s s u e s  a r i s e  I n  t h i s  mach in ing  p rocess .  One 
i n v o l v e s  t h e  removal  o f  b u r r s  f r o m  t h e  o r i f i c e  
a f t e r  t h e  f i n a l  d r i l l i n g  o p e r a t i o n .  T h i s  i s s u e  
has been l a r g e l y  r e s o l v e d .  The second c r i t i c a l  
p rob lem I n  mechan ica l  d r i l l i n g  i s  t h e  p roper  
a l i gnmen t  o f  t h e  d r i l l  i n  t h e  c o n i c a l  i n l e t .  
Rad ica l  improvements have been made s i n c e  1983, 
and t h i s  i s s u e  has a l s o  a p p a r e n t l y  been r e s o l v e d .  
A one s t e p  process  t o  f a b r i c a t e  t h e  geomet r ies  
d e s c r i b e d  above has a l s o  been cons ide red .  I t  
appears t o  a c t u a l l y  be more complex t h a n  t h e  two 
s t e p  process  d e s c r i b e d  above. The d e t a i l s  a r e  
a rcane I n  n a t u r e ,  and w i l l  n o t  be d i scussed  here .  

Ease o f  mach in ing ,  

D e t e r m i n a t i o n  o f  a i m i n g  accuracy  o f  f a b r i c a t e d  
o r i f i c e  a r r a y s  has n o t  r e c e i v e d  enough a t t e n t i o n  
t o  d a t e .  B e f o r e  t h e  o r i f i c e  f a b r i c a t i o n  process  
can be r e a l i s t i c a l l y  eva lua ted ,  two c o m p l i c a t i n g  
f a c t o r s  must be accounted  f o r .  F i r s t ,  d e f l e c t i o n  
o f  t h e  o r i f i c e  p l a t e ,  due t o  a p r e s s u r e  d i f f e r e n c e  
ac ross  i t , must be m in im ized  and c o r r e c t e d  f o r .  
T h i s  I s  r e l a t i v e l y  s t r a i g h t f o r w a r d .  The presence 
o f  a f i l m  on t h e  downstream s u r f a c e  o f  t h e  o r i f i c e  
p l a t e  a d v e r s e l y  a f f e c t s  t h e  j e t  t r a j e c t o r y .  Exam- 
i n a t i o n  o f  a s i n g l e  j e t  has r e v e a l e d  t h a t  t h e  j e t  
d e v i a t e s  f r o m  i t s  i n tended  t r a j e c t o r y  when a 
l i q u i d  f i l m  i s  p r e s e n t  a t  t h e  o r i f i c e  e x i t .  The 
d e v i a t i o n  i s  l e s s  pronounced as j e t  v e l o c i t y  
i nc reases .  Compensating f o r  t h i s  e f f e c t  has 
proven d i f f i c u l t  t o  da te ,  s i n c e  t h e  e f f e c t  I s  
immensely comp l i ca ted  w i t h  an a r r a y  o f  c l o s e l y  
spaced o r i f i c e s .  An e n g i n e e r i n g  e s t i m a t e  o f  t h e  
t r a j e c t o r y  accuracy  o f  t h e  b e s t  o r i f i c e  a r r a y s  
produced by mechan ica l  d r i l l i n g  1 s  3 mrad. Proper 
measurement and e v a l u a t i o n  o f  o r i f i c e  a r r a y  pe r -  
formance i s  an a rea  o f  c o n s i d e r a b l e  impor tance t o  
con t inued  LOR development.  The re fo re ,  t echn iques  
f o r  more a c c u r a t e l y  measur ing  j e t  s t r a i g h t n e s s  
a r e  c u r r e n t l y  b e i n g  i n v e s t i g a t e d  a t  NASA Lewis.  

NASA Lewis has become a reasonab ly  mature  t e c h -  
no logy .  Never the less ,  i t  i s  w o r t h w h i l e  t o  recon-  
s i d e r  t h e  r e l a t i v e  m e r i t s  o f  t h e  v a r i o u s  methods 
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o f  o r i f i c e  f a b r i c a t i o n .  Cons lde rab le  improvements 
i n  EDM have occu r red  s i n c e  1983, spu r red  on by 
t h e  requ i remen ts  o f  s e v e r a l  I n k  J e t  P r i n t e r  manu- 
f a c t u r e r s .  A second e v a l u a t i o n  o f  t h e  most s u i t -  
a b l e  techno logy  i s  now i n  p rog ress .  

W i t h  t h e  f a b r i c a t i o n  l i m i t a t i o n s  and r e s t r i c -  
t i o n s  on d r o p l e t  g e n e r a t i o n  known, a r e a l i s t i c  
des ign  o f  a d r o p l e t  genera to r  can be cons idered.  
I t  i s  apparen t  t h a t  some degree o f  segmenting, o r  
m o d u l a r i z a t l o n ,  w i l l  be r e q u i r e d .  For  a genera- 
t o r  w i t h  106 o r i f i c e s ,  f a b r i c a t i o n  o f  t h e  o r i -  
f i c e s  a l o n e  would r e q u i r e  2 y r  o f  con t l nuous  
mechan ica l  d r i l l i n g ,  g i v e n  p r e s e n t  techno logy .  
Other  compet ing  f a b r i c a t i o n  methods. n o t a b l y  
e l e c t r o f o r m i n g .  may be more r a p i d ,  b u t  t h i s  has 
n o t  been i n v e s t i g a t e d .  M o d u l a r i z a t i o n  w i l l  e l im-  
i n a t e  t h e  p o s s i b i l i t y  o f  a s i n g l e  p o i n t  f a i l u r e .  
I t  w i l l  a l s o  a l l o w  f o r  more r a p i d  p r o d u c t i o n  o f  
106 o r i f i c e s ,  i f  p a r a l l e l  p r o d u c t i o n  s t a t i o n s  
a r e  u t i l i z e d .  The unknown, a t  p resen t ,  i s  the  
degree o f  segmenta t ion  t o  be employed. T h i s  I ssue  
i s  b e i n g  a c t i v e l y  i n v e s t i g a t e d .  

A g e n e r a t o r  concept  wh ich  cons ide rs  t h e  l i m i t s  
o f  c u r r e n t  f a b r i c a t i o n  techno logy  i s  shown i n  
F i g .  6. Th is  i s  i d e a l  f o r  a t r i a n g u l a r  LDR; f o r  
a r e c t a n g u l a r  LDR, t h e  a rc  would be p u l l e d  
s t r a i g h t .  The optimum r a t i o  o f  sheet l e n g t h  t o  
sheet  w i d t h  depends on numerous f a c t o r s ,  and I s  
d i scussed  l a t e r  i n  t h i s  paper.  The a rc  I s  ac tu -  
a l l y  composed o f  I n d i v i d u a l  genera to r  modules. 
The f l u i d  m a n i f o l d  connec t ing  each module i s  
des igned such t h a t  each I s  a t  t h e  same pressure.5 
A v a l v e  w i l l  be l o c a t e d  i n  each module t o  remove 
t h e  module f r o m  o p e r a t i o n  i n  t h e  event  o f  module 
f a i l u r e .  Th is  w i l l  e l i m i n a t e  one s i n g l e  p o i n t  
f a i l u r e  mode o f  t h e  d r o p l e t  genera to r .  Each 
module c o n t a i n s  an a r r a y  o f  o r i f l c e s  f a b r i c a t e d  
i n  a f l a t  s u b s t r a t e .  Each a r r a y  can be two- 
d lmens iona l .  The a r r a y  would t y p l c a l l y  c o n t a i n  
between 12 and 30 rows o f  o r i f i c e s .  The number 
of  rows i n  an a r r a y  I s  equa l  t o  t h e  number o f  
l a y e r s  i n  t h e  d r o p l e t  sheet;  t h e  number o f  l aye rs  
i s  m i s s i o n  dependent,  and has n o t  been t o t a l l y  
r e s o l v e d .  The number o f  o r i f i c e s  i n  each row I s  
dependent on t h e  o r i f i c e  f a b r i c a t i o n  l i m i t a t i o n s .  
For  example, I f  5000 o r i f i c e s  can be r o u t i n e l y  
f a b r i c a t e d  i n  an a r r a y ,  t h e r e  would be 160 t o  420 
o r i f i c e s  I n  each row. I f  t h e  o r i f i c e  f a b r i c a t i o n  
process  i s  more s u i t e d  t o  p roduc ing  l i n e a r  a r rays ,  
t hen  each module would have between 12 and 30 
d i f f e r e n t  o r i f i c e  p l a t e s ,  each c o n t a i n i n g  perhaps 
200 t o  1000 o r i f i c e s .  

The des ign  o f  F i g .  6 i s  ve ry  genera l  i n  
n a t u r e ;  s p e c i f i c  d e t a i l s  o f  t h e  d e s i g n  a r e  
s t r o n g l y  dependent on hea t  r e j e c t i o n  l o a d  and 
tempera ture .  The mass o f  t h e  genera to r  i s  i n f l u -  
enced by t h e  c o n f i g u r a t i o n  o f  t h e  p u l s i n g  device.  
I f  a resonant  c a v i t y  c o n f i g u r a t i o n  can be avoided, 
t h e  genera to r  w i l l  be l e s s  massive.  D i r e c t  s t im-  
u l a t i o n  o f  t h e  I n d i v i d u a l  o r i f i c e  a r r a y s  i s  a 
f ocus  o f  c u r r e n t  research  a t  USC.23 Another con- 
c e r n  i n  t h e  des ign  o f  a genera to r  i s  t h e  i n f l u e n c e  
o f  o r i f i c e  p l a t e  w e t t i n g  ( i n  o r b i t )  on t h e  j e t  
t r a j e c t o r i e s .  T h i s  i s  b e i n g  eva lua ted  a t  p resen t  
i n  t h e  NASA Lewis Zero G r a v i t y  F a c i l i t y ,  and i s  
d e s c r i b e d  l a t e r .  

I f  w e t t i n g  does p rove  t o  a d v e r s e l y  a f f e c t  gen- 
e r a t o r  performance, t h e r e  a r e  s e v e r a l  approaches 
t h a t  can be taken .  Nonwet t ing  c o a t i n g s  cou ld  be 
a p p l i e d  t o  t h e  e x i t  s i d e  o f  t h e  o r i f i c e  a r r a y  

p r i o r  t o  o r i f i c e  f a b r i c a t i o n .  T h i s  was i n v e s t i g a -  
t e d  b r i e f l y  a t  NASA Lewis.17 
c o a t i n g s  were s u c c e s s f u l l y  a p p l i e d  t o  aluminum 
p l a t e s  p r i o r  t o  d r i l l l n g  t h e  o r i f i c e s .  H igh  q u a l -  
i t y  o r i f i c e s  c o u l d  n o t  s u c c e s s f u l l y  be f a b r i c a t e d  
i n  these  coated  p l a t e s .  A p p l i c a t i o n  o f  a nonwet- 
t i n g  c o a t i n g  a f t e r  o r i f i c e  f a b r i c a t i o n  does n o t  
appear v i a b l e ,  as t h e  c o a t i n g  tends  t o  p l u g  t h e  
m i c r o - o r i f i c e s .  Another approach i s  t o  c o n t r o l  
t h e  p o t e n t i a l l y  adverse  e f f e c t s  o f  w e t t i n g  
th rough  a s p e c i a l l y  des igned shear s e a l i n g  v a l v e .  
T h i s  des ign  would u t i l i z e  an o p t i c a l l y  smooth 
(maybe 0.0001 r m s  s u r f a c e  f i n i s h )  cove r  p l a t e  
over  t h e  o r i f i c e  p l a t e .  A t  genera to r  s t a r t u p  o r  
shutdown. t h e  cove r  p l a t e ,  c o n t r o l l e d  by a s o l e -  
n o i d  va l ve ,  would move i n t o  t h e  a p p r o p r i a t e  p o s i -  
t i o n .  Gruman  Aerospace has a p p l i e d  f o r  a p a t e n t  
f o r  t h i s  concep t .  

TEFLON and FREKDTE 

For a l i q u i d  me ta l  d r o p l e t  genera to r ,  t h e  
d e s i g n  o f  F i g .  6 m i g h t  r e q u i r e  m o d i f i c a t i o n .  
A v a i l a b l e  p i e z o e l e c t r l c  o r  m a g n e t o s t r i c t i v e  
m a t e r i a l s  do n o t  possess C u r i e  p o i n t s  compa t ib le  
w'ith l i q u i d  m e t a l  o p e r a t i o n .  A c t j v e  c o o l i n g  o f  
t h e  p i e z o  elements w i l l  l i k e l y  be s a t i s f a c t o r y  
f o r  t h e  lower  tempera tu re  range o f  l i q u i d  me ta l  
o p e r a t i o n .  For  h i g h e r  tempera tures ,  t h e  f e a s i -  
b i l i t y  o f  a c t i v e  c o o l i n g  i s  unknown. A l t e r n a t e  
approaches proposed by Gruman and MDAC may be 
f u r t h e r  i n v e s t i g a t e d ;  t hese  concepts a r e  p r o p r l -  
e t a r y  a t  p r e s e n t .  

For a focused d r o p l e t  sheet o f  a t r i a n g u l a r  
LDR, t h e  des ign  o f  F i g .  6 cons ide rs  t h e  l i m i t a -  
t i o n s  o f  c u r r e n t  o r i f i c e  f a b r l c a t l o n  techno logy .  
O r i f i c e s  a r e  f a b r i c a t e d  i n  f l a t  su r faces ,  and t h e  
j e t s  f r o m  an i n d i v i d u a l  module a r e  a l l  p a r a l l e l .  
The open ing  o f  t h e  d r o p l e t  c o l l e c t o r  i s  t h u s  
approx ima te l y  t h e  same w i d t h  as t h a t  o f  an i n d i -  
v i d u a l  genera to r  module. Focus ing  o f  t h e  d r o p l e t  
sheet  i s  ach ieved by a p roper  o r i e n t a t i o n  of t h e  
genera to r  modules. An a l t e r n a t e  approach, i n  
wh ich  genera to r  f o c u s i n g  i s  ach ieved  by  mount ing  
a f l e x i b l e  o r i f i c e  s u b s t r a t e  on a curved mani-  
f o l d , S  appears t o  be  much more s u s c e p t i b l e  t o  
m ic rometeo ro id  damage, as a r e s u l t  o f  t h e  much 
t h i n n e r  o r i f i c e  s u b s t r a t e  wh ich  would be r e q u i r e d .  

A r e c e n t l y  proposed a l t e r n a t i v e  advanced con- 
cep t ,  t h e  L i q u i d  Sheet Rad ia to r  (LSR), would 
g r e a t l y  s i m p l i f y  des ign  o f  t h e  d r o p l e t  genera- 
t o r . 2 4  The LSR concept  i s  c l o s e l y  r e l a t e d  t o  
t h e  LDR concept .  and would r e p l a c e  t h e  t r i l l i o n s  
o f  d r o p l e t s  w i t h  con t inuous  t r i a n g u l a r  l i q u i d  
shee ts .  Genera tor  f o c u s i n g  t o  a p o i n t  c o l l e c t o r  
I s  t hus  ach ieved  a u t o m a t i c a l l y  I n  t h e  LSR concept ,  
and thousands ( o r  m t l l l o n s )  o f  o r i f i c e s  a r e  no  
l o n g e r  r e q u i r e d .  P r e l i m i n a r y  a n a l y t i c a l  and 
exper imen ta l  r e s u l t s  have demonstrated t h e  f e a s i -  
b i l i t y  o f  t h e  LSR concept,24 b u t  f u r t h e r  research  
i s  r e q u i r e d .  

D r o p l e t  C o l l e c t o r  Development 

Design and development o f  an LDR d r o p l e t  c o l -  
l e c t o r  has been comp l i ca ted  by t h e  l a c k  o f  s i m -  
i l a r  commerc ia l l y  a v a i l a b l e  techno logy .  D r o p l e t  
c o l l e c t o r s  ( g u t t e r s )  f o r  I n k  J e t  P r i n t e r s  gener -  
a l l y  r e l y  on e l e c t r i c  f i e l d s .  A s i m i l a r  approach 
f o r  an LDR i s  v e r y  complex, due t o  t h e  n a t u r e  o f  
t h e  space plasma and s o l a r  w ind .  A d r o p l e t  c o l -  
l e c t o r  f o r  t h e  LOR must c o l l e c t  e s s e n t i a l l y  a l l  
incoming d r o p l e t s .  
l o s s  over  a 30 y r  l i f e t i m e ,  a c c e p t a b l e  c o l l e c t o r  
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l o s s  r a t e s  a r e  o f  t h e  o r d e r  o f  1 l o s t  d r o p l e t  p e r  
l o 8  i n c i d e n t  d r o p l e t s .  
d r o p l e t s ,  t h e  c o l l e c t o r  must deve lop  a s u f f i c i e n t  
p ressu re  head t o  pump t h e  l i q u i d  back t o  a hea t  
exchanger.  T h i s  must be accompl ished i n  zero  
g r a v i t y ,  w i t h o u t  the  b e n e f i t s  o f  a g r a v i t y  head 
o r  an ambient gas pressure .  

c e i v e d  by i n v e s t i g a t o r s  a t  t h e  U n i v e r s i t y  o f  
Washington These a r e  desc r ibed  i n  more d e t a i l  
e lsewhere .$  B r i e f l y ,  t h e  concepts a r e :  

A f t e r  c a p t u r i n g  t h e  

A number o f  c o l l e c t o r  a l t e r n a t i v e s  were con- 

( 1 )  C e n t r i f u g a l  c o l l e c t o r  ( f o u r  d i f f e r e n t  

( 2 )  Su r face  en t ra inment  c o l l e c t o r  
( 3 )  Pass i ve  c o l l e c t o r  w i t h  a d i f f u s e r - s h a p e d  

( 4 )  Moving b e l t  c o l l e c t o r  
( 5 )  E l e c t r o s t a t i c  c o l l e c t o r  
( 6 )  R o t a t i n g  s p i r a l  c o l l e c t o r  
( 7 )  Su r face  tens ion  c o l l e c t o r  

concep ts )  

i n l e t  

The f i r s t  two concepts have been i n v e s t i g a t e d  
most e x t e n s i v e l y ,  and a r e  desc r ibed  i n  d e t a i l  
l a t e r .  The remain lng  f i v e  conce t s  a r e  g e n e r a l l y  
regarded as l e s s  p ro rn l s ing ,5 *6*15  and have n o t  
been pursued i n  d e t a i l .  

Other  concepts have a l s o  been cons idered.  
McDonnell Douglas b r i e f l y  i n v e s t i g a t e d  a c o l l e c t o r  
based on e l e c t r o p h o r e t i c  and d i e l e c t r o p h o r e t i c  
f 0 r c e s . ~ * 2 5  
t r o s t a t i c  c o l l e c t o r 5  and t h e  e l e c t r o s t a t i c  t h e r -  
mal r a d i a t o r  (ETHER).g have n o t  been cons ide red  
f u r t h e r ,  due t o  concerns about  c h a r g i n g  and d i s -  
cha rg ing  o f  d r o p l e t s  I n  t h e  space env i ronment .  

Use o f  magnet ic f i e l d s  t o  c a p t u r e  d r o p l e t s  
and c o n t r o l  d r o p l e t  t r a j e c t o r i e s  was i n v e s t i g a t e d  
e x p e r i m e n t a l l y  and a n a l y t i c a l l y . 1 0 . l l  A c o b a l t -  
samarium magnet was used t o  magnet ize  a f e r r o -  
f l u i d ,  and c o n t r o l  o f  d r o p l e t  t r a j e c t o r i e s  was 
demonst ra ted .  The I n f l u e n c e  o f  magnet ic  f i e l d  
s t r e n g t h s  up t o  3 kG (0 .3  T) on d r o p l e t  c a p t u r e  
was a l s o  examined. A t  s u f f i c i e n t l y  h i g h  f i e l d  
s t r e n g t h s ,  d r o p l e t  sp lash ing  a t  a s imu la ted  c o l -  
l e c t o r  s u r f a c e  was t o t a l l y  suppressed. T h i s  i s  
demonst ra ted  i n  a s e r i e s  o f  f a s c i n a t i n g  and con- 
c l u s i v e  pho tog raphs . lO* l l  A f u l l - s c a l e  magnet ic  
LDR u s i n g  superconduct ing  e lec t romagnets  was con- 
ce i ved ,  and system s tud ies  comparing a magnet ic  
and a c o n v e n t i o n a l  LDR were c a r r i e d  o u t .  T o t a l  
r a d i a t o r  mass was heav ie r ,  i n  many cases, f o r  a 
magnet ic  LDR, owing t o  massive e lec t romagne ts .  
For t h i s  reason, and because o f  a d d i t i o n a l  
development cha l lenges ,  a magnet ic  LOR has n o t  
been i n v e s t i g a t e d  f u r t h e r .  

The advantages o f  t h e  r e c t a n g u l a r  LOR d i s -  
cussed e a r l i e r  necess i ta ted  development o f  a l i n -  
ea r  c o l l e c t o r  w i t h  a w i d t h  equal  t o  t h a t  o f  t h e  
d r o p l e t  g e n e r a t o r .  A p a s s i v e  c o l l e c t i o n  scheme 
conce ived a t  t h e  U n i v e r s i t y  o f  Washington5 was 
deve loped a t  Grumman, l* l2 and I s  shown i n  F i g .  7 .  
The c o l l e c t o r  has an open ing  s l i g h t l y  l a r g e r  than  
t h e  t h i c k n e s s  o f  t he  i n c i d e n t  d r o p l e t  sheet .  An 
a u x i l i a r y  f i l m  can be i n j e c t e d  on b o t h  su r faces  o f  
t h e  c o l l e c t o r .  
impact  t h e  f l o w i n g  f i l m ,  and t h e  t o t a l  l i q u i d  f l o w  
d i r e c t l y  feeds  a gear pump. The c o l l e c t o r  and i t s  
a s s o c i a t e d  pump a r e  shown c o n c e p t u a l l y  i n  F ig .8 .  

Such a concept ,  as w e l l  as t h e  e l e c -  

The i n c i d e n t  d r o p l e t  streams 
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A sub-sca le  l i n e a r  c o l l e c t o r  was f a b r i c a t e d  
and t e s t e d  i n  vacuum under a v a r i e t y  o f  o p e r a t i n g  
c o n d i t i o n s . 1 2  The d r o p l e t  sheet  f r o m  a d r o p l e t  
g e n e r a t o r  impacted  a c o l l e c t o r  s u r f a c e  a t  ang les  
f rom 2 t o  90". The genera to r  and c o l l e c t o r ,  i n  
comb ina t ion ,  c o u l d  be o r i e n t e d  a t  d i f f e r e n t  ang les  
t o  t h e  g r a v i t y  v e c t o r ;  t e s t i n g  was always conduc- 
t e d  a t  two s u b s t a n t l a l l y  d i f f e r e n t  ang les  t o  
assess any e f f e c t s  o f  g r a v i t y  on c o l l e c t o r  opera- 
t i o n .  D i a g n o s t i c s  a l l o w e d  d e t e c t i o n  o f  d r o p l e t  
l o s s  r a t e s  o f  1 i n  l o8 .  A s e r i e s  o f  t e s t s  w i t h  
b o t h  4 and 30 d r o p l e t  streams served t o  d e f i n e  
c o l l e c t o r  o p e r a t i n g  regimes where measured l o s s  
r a t e s  were l e s s  t h a n  1 d r o p l e t  I n  108. 
o p e r a t i n g  r e g i o n s  a r e  g i v e n  f o r  a range o f  d r o p l e t  
v e l o c i t i e s ,  f o r  ang les  o f  i n c i d e n c e  (between d rop -  
l e t  streams and t h e  c o l l e c t o r  s u r f a c e )  f r o m  2 t o  
90". Acceptab le  c o l l e c t o r  per fo rmance was 
observed f o r  a l l  d r o p l e t  v e l o c i t i e s  below 6 m/s. 
I n  some Ins tances .  d r o p l e t  streams t r a v e l i n g  a t  
20 m/s were s u c c e s s f u l l y  cap tu red .12  S ince  none 
o f  t h e  t e s t  r e s u l t s  were a f f e c t e d  when t h e  o r i e n -  
t a t i o n  o f  t h e  appara tus  w i t h  r e s p e c t  t o  t h e  g rav -  
i t y  v e c t o r  was changed, i t  i s  conc luded t h a t  t h e  
l i n e a r  c o l l e c t o r  w i l l  s u c c e s s f u l l y  c a p t u r e  d rop -  
l e t s  i n  m i c r o g r a v i t y .  

These 

I t  was d i scove red  t h a t  t h e  p r i m a r y  l o s s  mech- 
an ism was n o t  f r o m  rebound ing  d r o p l e t s .  Rather ,  
secondary d r o p l e t s  s m a l l e r  t h a n  t h e  i n c i d e n t  d rop-  
l e t s  were l o s t  as a r e s u l t  o f  wave shedd ing .  The 
i m p a c t i n g  d r o p l e t  streams formed a f l u i d  f i l m  on 
t h e  c o l l e c t o r  su r face ,  and waves were observed on 
t h e  s u r f a c e  o f  t h e  f i l m .  Secondary d r o p l e t s  were 
re leased  f r o m  t h e  c r e s t s  o f  t hese  waves. 

D r o p l e t  streams i m p a c t i n g  t h e  c o l l e c t o r  su r -  
f a c e  o c c a s i o n a l l y  c r e a t e d  a b a c k f l o w  on t h e  su r -  
f ace .  T h i s  phenomenon i s  i l l u s t r a t e d  i n  F i g .  7 .  
The f i l m  c r e a t e d  on t h e  c o l l e c t o r  s u r f a c e  u s u a l l y  
f l o w e d  I n  t h e  d e s i r e d  d i r e c t i o n ,  toward  t h e  c o l -  
l e c t o r  gear  pump. Sometimes, t h e  f i l m  f l owed  
away f r o m  t h e  pump. An a u x i l i a r y  f i l m  c o u l d  be 
i n j e c t e d  on t h e  c o l l e c t o r  su r face ,  ups t ream o f  
t h e  d r o p l e t  impact  zone, as shown i n  F i g .  7.  
When an a u x i l i a r y  f i l m  was i n j e c t e d ,  b a c k f l o w  on 
t h e  c o l l e c t o r  s u r f a c e  was no l o n g e r  observed. 

Proper o p e r a t i o n  o f  a c o l l e c t o r  pump i n  zero  
g r a v i t y  I s  a second c r i t i c a l  i s s u e  o f  c o l l e c t o r  
development.  P e r i s t a l t i c ,  c y s t a l t i c ,  t r o c h o i d ,  
and gear  pumps have been eva lua ted ;  a p o s i t i v e  
d i sp lacemen t  gear  pump appears b e s t  s u i t e d  f o r  
t h i s  a p p l i c a t i o n .  For t h e  c o l l e c t o r  shown i n  
F i g s .  7 and 8, t h e  l i q u i d  feeds  d i r e c t l y  i n t o  t h e  
gears ,  i n  o r d e r  t o  m i n i m i z e  v i scous  l osses .  A 
s e r i e s  o f  exper iments  was conducted t o  de te rm ine  
t h e  i n p u t  p r e s s u r e  t o  t h e  gear pump as a f u n c t i o n  
o f  t h e  p e r t i n e n t  q u a n t i t i e s  A recove ry  c o e f f i c -  
i e n t  o f  0 .18  was o b t a i n e d . l 2  
t h a t  an a u x i l i a r y  f i l m  c o u l d  improve t h i s  l ow  
p r e s s u r e  recove ry  c o e f f i c i e n t ,  and an a u x i l i a r y  
f i l m  m i g h t  be r e q u i r e d  f o r  p roper  o p e r a t i o n  o f  
t h e  gear pump. C o l l e c t o r  o p e r a t i o n  w i t h  900 i n c i -  
den t  d r o p l e t  streams was demonstrated. When t h e  
gear  pump was n o t  powered, severe  s p l a s h i n g  was 
observed a t  t h e  mouth o f  t h e  pump; when e l e c t r i -  
c a l  power was s u p p l i e d  t o  t h e  pump, s p l a s h i n g  was 
n o t  observed. Because o f  l i m i t a t i o n s  o f  t h e  drop-  
l e t  genera to r  and t h e  o r i f i c e  p l a t e ,  p r e c i s e  l o s s  
r a t e s  c o u l d  n o t  be measured d i a g n o s t i c a l l y .  

A n a l y s i s  i n d i c a t e s  



The lower  mass i n h e r e n t  i n  a c e n t r i f u g a l  co l -  
l e c t o r  has prompted a p a r a l l e l  e v a l u a t i o n  o f  t h i s  
concep t .  C e n t r i f u g a l  c o l l e c t i o n  i n  m i c r o g r a v i t y  
has p r e v i o u s l y  been demonstrated f o r  a waste c o l -  
l e c t i o n  sys tem on Sky lab .  O f  a t  l e a s t  f o u r  
d i f f e r e n t  c e n t r i f u g a l  c o l l e c t o r s  o r i g i n a l l y  con- 
ce ived.5  t h e  r o t a t i n g  shroud c o l l e c t o r  has been 
t h e  o n l y  concept  i n v e s t i g a t e d .  
l e t  streams impact  a cone shaped t a r g e t  o f  t h e  
c o l l e c t o r  ( F i g .  9), and a l i q u i d  f i l m  m ig ra tes  
r a d i a l l y  ou tward .  Any d r o p l e t s  t h a t  rebound o f f  
t h e  s p i n n i n g  cone a r e  c o l l e c t e d  by t h a t  p o r t i o n  
o f  t h e  shroud ex tend ing  i n  f r o n t  o f  t h e  t a r g e t .  
T h i s  f l u i d  m i g r a t e s  t o  t h e  f r o n t  o f  t h e  c o l l e c t o r  
by v i r t u e  o f  a s l i g h t  t a p e r  o f  t h e  shroud, and as 
a r e s u l t  o f  t h e  c e n t r i f u g a l  f o r c e .  The l i q u i d  i s  
c o l l e c t e d  by means o f  s t a t i o n a r y  scoops wh ich  are  
immersed i n  t h e  r o t a t i n g  poo l  o f  l i q u i d .  These 
scoops a r e  a c t u a l l y  p i t o t  pumps, and t h e i r  opera- 
t i o n  i s  s i m i l a r  t o  t h e  o p e r a t i o n  o f  a p i t o t  probe 
used f o r  l o c a l  v e l o c i t y  measurement of  a l l q u i d  
o r  gas stream. 

The i n c i d e n t  drop- 

An i n i t i a l  e v a l u a t i o n  o f  t h e  concept  was 
c a r r i e d  o u t  by i n v e s t i g a t o r s  a t  t h e  U n i v e r s i t y  o f  
Washington and Mathemat ica l  Sciences Nor thwest  
(MSNW).5 
1650 rpm. The c e n t e r  o f  t h e  f l a t  p l a t e  was o f  a 
porous m a t e r i a l ,  wh ich  a l l owed  an a u x i l i a r y  f i l m  
t o  be i n j e c t e d .  Th is  f i l m  f l owed  r a d i a l l y  ou t -  
ward, a i d i n g  i n  d r o p l e t  cap tu re .  A s i n g l e  drop- 
l e t  s t ream was i n c i d e n t  on t h e  r o t a t i n g  p l a t e ,  
and no s p l a s h i n g  o f  t h e  i n c i d e n t  d r o p l e t s  was 
observed v i s u a l l y .  D e t e c t i o n  o f  secondary drop- 
l e t s ,  such as Grumman observed i n  t h e i r  t e s t i n g  
o f  a l i n e a r  c o l l e c t o r ,  was n o t  p o s s i b l e  v i s u a l l y ,  
and remains t o  be i n v e s t i g a t e d .  An a n a l y s i s  of 
t h e  f i l m  f l o w  p r e d i c t e d  t h e  f o r m a t i o n  o f  su r face  
waves i n  normal g r a v i t y  o p e r a t i o n .  The e x p e r i -  
menta l  o b s e r v a t i o n s  c o u l d  n o t  be compared w i t h  
t h i s  a n a l y s i s ,  s i n c e  t h e  f i l m  d i d  n o t  even ly  w e t  
t h e  s u r f a c e  o f  t h e  r o t a t i n g  p l a t e .  S i m i l a r l y ,  
i n t e r a c t i o n s  o f  t h e  i n c i d e n t  d r o p l e t s  w l t h  the 
s u r f a c e  waves c o u l d  n o t  be i n v e s t i g a t e d .  The use 
o f  an a r r a y  o f  sma l l  d iamete r  tubes  p r o t r u d i n g  
toward  t h e  i n c i d e n t  d r o p l e t  streams has been sug- 
ges ted  as  a method f o r  e l i m i n a t i n g  s u r f a c e  waves, 
b u t  t h i s  has n o t  been demonstrated. 

A f l a t  p l a t e  r o t a t e d  between 0 and 

A p a r a l l e l  e f f o r t  has examined s p l a s h i n g  from 
d i f f e r e n t  su r faces  .5 
on o r d i n a r y  su r faces ,  on screens o f  v a r y i n g  mesh 
number, and on c lose ly -spaced  p a r a l l e l  w i r e s .  I t  
was found  t h a t  t h e  use o f  a p roper  screen t a r g e t  
can reduce s p l a s h i n g  by a f a c t o r  o f  500 o r  more, 
compared t o  a f l a t  p l a t e .  V e l o c i t i e s  were between 
8 and 18  m/s .  r e p r e s e n t a t i v e  o f  v e l o c i t i e s  i n  an 
o p e r a t i o n a l  LDR. These f i n d i n g s  a r e  o f  obvious 
impor tance  i n  c o l l e c t o r  des ign .  

c o l l e c t o r  i s  c u r r e n t l y  i n  p rog ress  a t  MDAC, Spec- 
t r o n  Development Labs, and Spec t ra  Technology. 
The p i t o t  t ube  p i c k u p  has been eva lua ted  as a 
s u i t a b l e  method f o r  f l u i d  recove ry .  A t  300 rpm, 
-5 p s i  was developed by a p i t o t  p robe.  This angu- 
l a r  v e l o c i t y  i s  s u f f i c i e n t  t o  deve lop  a 20 g cen- 
t r i f u g a l  f o r c e  a t  t h e  c o l l e c t o r  p e r i p h e r y .  Thus, 
g r a v i t a t i o n a l  f o r c e s  w i l l  be min ima l ,  b u t  opera- 
t i o n  w i l l  n e v e r t h e l e s s  be demonstrated i n  a se r ies  
o f  zero  g r a v i t y  t e s t s .  C o l l e c t o r  o p e r a t i o n  w i l l  
be demonst ra ted  w i t h  an a r r a y  o f  450 d r o p l e t  
streams. 

D r o p l e t  streams impacted 

A more e x t e n s i v e  e v a l u a t i o n  o f  t h e  c e n t r i f u g a l  

Development o f  A u x i l i a r y  Components 

I n  a d d i t i o n  t o  a d r o p l e t  g e n e r a t o r  and c o l -  
l e c t o r ,  an LDR w i l l  c o n s i s t  o f  a s t r u c t u r e  sup- 
p o r t i n g  t h e  c o l l e c t o r ,  a p i p e  f o r  f l u i d  r e t u r n  
f r o m  t h e  c o l l e c t o r  t o  t h e  genera to r ,  v a r i o u s  
pumps, a hea t  exchanger t o  r e h e a t  t h e  work ing  
f l u i d ,  and g i m b a l i n g  dev i ces  t o  m a i n t a i n  p roper  
LOR o r i e n t a t i o n  w i t h  respec t  t o  t h e  s p a c e c r a f t ,  
sun, and ea r th .26  
have r e c e i v e d  l i t t l e  a t t e n t i o n ,  due t o  an a l r e a d y  
e s t a b l i s h e d  techno logy  base i n  t h e  aerospace 
i n d u s t r y .  The mass o f  such components has gener -  
a l l y  been i n c l u d e d  I n  LDR system mass c a l c u l a -  
t i o n ~ . ~ * ~ * ~ ~ * ~ ~  
a c t i v e  a l i gnmen t  and p o i n t i n g  system w i l l  be 
r e q u i r e d  t o  m a i n t a i n  t h e  p roper  o r i e n t a t i o n  
between d r o p l e t  genera to r  and c o l l e c t o r .  A p r e -  
l i m i n a r y  des ign6 borrows f r o m  e x i s t i n g  t e c h -  
no logy ,  and w i l l  overcome sma l l  p o s i t i o n a l  changes 
r e s u l t i n g  when t h e  LDR I s  dep loyed i n  o r b i t .  
Ref inements t o  t h i s  des ign  have been made by MDAC, 
b u t  a r e  cons ide red  p r o p r i e t a r y  a t  p r e s e n t .  

t h e  f l u i d  r e t u r n  p i p e  can be q u i t e  s i g n i f i c a n t ,  
and t h e  use o f  p a r a l l e l  LDR's has been proposed4 
as a s o l u t i o n .  I t  has been found t h a t  two LDR's 
c o n f i g u r e d  as shown i n  F i g .  10 a r e  o f t e n  l i g h t e r  
t h a n  one,7922 s i n c e  f l u i d  r e t u r n  l i n e s  and i n t e r -  
connec t ing  s t r u c t u r e  a r e  e l i m i n a t e d .  A f l u i d  
r e t u r n  l i n e  I s  s u b j e c t  t o  a s i n g l e  p o i n t  f a i l u r e ,  
and i s  t h e r e f o r e  massive,  as i t  must be p r o t e c t e d  
f r o m  mic rometeo ro ids .  A c o n v e n t i o n a l  t r u s s  s t r u c -  
t u r e ,  as shown i n  F i g .  3,  I s  s a t i s f a c t o r y .  

These a u x i l i a r y  components 

I t  has been recogn ized  t h a t  an  

The mass o f  t h e  necessary  s t r u c t u r e  and o f  

____ R a d i a t i v e  Behav io r  o f  D r o p l e t  Sheet 

A mean ing fu l  comparison o f  t h e  LDR w i t h  o t h e r  
advanced concepts ,  i n c l u d i n g  hea t  p i p e  r a d i a t o r s ,  
depends on a knowledge o f  t h e  hea t  r e j e c t e d  by 
t h e  d r o p l e t  sheet .  An exac t  a n a l y s i s  o f  t h e  r a d i -  
a t i o n  f r o m  a sheet  o f  b j l l i o n s  o r  t r i l l i o n s  o f  
d r o p l e t s  i s  i n t r a c t a b l e .  I n  a d d i t i o n  t o  a t r a n -  
s i e n t  behav io r  wh ich  i s  a f u n c t i o n  o f  a l l  t h r e e  
c o o r d i n a t e s ,  eve ry  d r o p l e t  i s  non lso the rma l ,  
possess ing  a tempera tu re  g r a d i e n t  wh ich  i s  a l s o  a 
f u n c t i o n  o f  a l l  t h r e e  c o o r d i n a t e s .  A l l  ana lyses  
t o  d a t e  have neg lec ted  tempera tu re  g r a d i e n t s  
w i t h i n  a d r o p l e t .  S ince  sheet  w i d t h  i s  much 
g r e a t e r  t h a n  sheet  t h i c k n e s s ,  t empera tu re  g r a d i -  
e n t s  a l o n g  t h e  w i d t h  o f  t h e  sheet  a r e  i n s i g n i f i -  
c a n t  compared t o  g r a d i e n t s  ac ross  t h e  sheet  
t h i c k n e s s ,  o r  a l o n g  t h e  sheet  l e n g t h  ( d i r e c t i o n  
o f  d r o p l e t  t r a v e l ) .  A l l  ana lyses  t o  d a t e  have 
a l s o  made t h i s  assumption. A lso ,  v a r i a t i o n s  i n  
o p t i c a l  p r o p e r t i e s  w i t h  dec reas ing  d r o p l e t  tem- 
p e r a t u r e  have a l s o  been igno red .  F i n a l l y ,  a 
t r i a n g u l a r  d r o p l e t  sheet  has been d i f f i c u l t  t o  
ana lyze ,  due t o  a c o n s t a n t l y  chang ing  d r o p l e t  
number d e n s i t y .  

The i n i t i a l  work I n  a n a l y z i n g  r a d i a t i v e  
behav io r  o f  t h e  d r o p l e t  sheet  was done by M a t t i c k  
and co-workers . 4 * 2 7  
was c h a r a c t e r i z e d  by T, t h e  o p t i c a l  dep th .  
M a t t i c k  d e f i n e d  T = Nu S ,  where N i s  t h e  
d r o p l e t  number d e n s i t y  p e r  u n i t  volume, i s  t h e  
p r o j e c t e d  c ross  s e c t i o n a l  a rea  o f  a d r o p l e t  
( 0  = nR2),  and S I s  t h e  sheet  t h i c k n e s s .  The 
NO p r o d u c t  I s  t hus  an e s t i m a t i o n  o f  t h e  e x t l n c -  
t i o n  c o e f f i c i e n t .  W i th  T d e f i n e d  i n  t h i s  
way, t h e  t r a n s m i s s i o n  th rough  a sheet  o f  b l a c k  

The d r o p l e t  sheet  geometry 
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d r o p l e t s  i s  s imp ly  e -T .  By c o n s i d e r i n g  t h e  
r e l e v a n t  equa t ions  o f  r a d i a t i v e  t rans fer ,4 .27 ,28  a 
numer i ca l  p rocedure  i s  u t i l i z e d  t o  r e l a t e  hemispher-  
i c a l  sheet emi t tance t o  o p t i c a l  dep th  and d r o p l e t  
e m i s s i v i t y ,  t o .  I s o t r o p i c  s c a t t e r i n g  was assumed 
i n  t h e  i n i t i a l  a n a l y ~ l s , ~  and f o r w a r d  and back- 
ward s c a t t e r i n g  were i n c l u d e d  i n  l a t e r  w o r k . 2 7 ~ 2 ~  
The e f f e c t s  o f  fo rward  and backward s c a t t e r i n g  on 
sheet  em i t tance  can be seen i n  F i g .  11.Z7 
u r e  11 i n d i c a t e s  t h a t ,  f o r  s u f f i c i e n t l y  l a r g e  sheet 
o p t i c a l  depths ,  t he  sheet em i t tance  can be s i g n i f i -  
c a n t l y  l a r g e r  t h a n  the  d r o p l e t  e m i s s i v i t y .  Radia- 
t i v e  power can vary  12 pe rcen t ,  depending on whether 
f o r w a r d  o r  backward s c a t t e r i n g  i s  assumed. 

t h e  sheet  i s  r e q u i r e d  f o r  p roper  i n s i g h t  i n t o  t h e  
r a d i a t i v e  erformance o f  t h e  sheet .  M a t t i c k  and 
Hertzberg2! cons idered tempera ture  v a r i a t i o n s  
ac ross  t h e  sheet  th i ckness ,  n e g l e c t i n g  g r a d i e n t s  
a l o n g  t h e  w i d t h  o r  l e n g t h  o f  t h e  sheet .  
s i s  f u r t h e r  assumed an LOR where t h e  average drop-  
l e t  tempera ture  a t  t he  c o l l e c t o r  i s  80 percen t  of 
t h a t  a t  t h e  genera to r .  Temperature p r o f i l e s  o f  
such a d r o p l e t  sheet a r e  p resented .  The change i n  
sheet  em i t tance  w i t h  p a t h  l e n g t h  i s  a l s o  p resen ted .  
A l though  t h e  average d r o p l e t  tempera ture  decreases 
20 p e r c e n t  over  t h e  sheet l e n g t h ,  t h e  sheet em i t -  
tance decreases by 4 p e r c e n t  o r  l e s s  f o r  t h e  range 
o f  o p t i c a l  depths  and d r o p l e t  em i t tances  s tud ied .29  
A more p r e c i s e  and e x t e n s i v e  a n a l y s i s  o f  t hese  
e f f e c t s  has been conducted a t  NASA 
and i s  d iscussed  l a t e r .  

F i g -  

A knowledge of tempera ture  d i s t r i b u t i o n s  w i t h i n  

The ana ly -  

Exper imenta l  v e r i f i c a t i o n  o f  t hese  r e s u l t s  has 
been c a r r i e d  o u t  by a number o f  researchers  a t  UW. 
The exper imen ta l  apparatus i s  d e s c r i b e d  i n  d e t a i l  
e l ~ e w h e r e . ~ ~ * 3 ~ - ~ ~  To examine h i g h e r  o p t i c a l  
depths ,  r a d i a t i o n  from a c y l i n d r i c a l  c l o u d  of  
d r o p l e t s  was i n v e s t i g a t e d .  The i n i t i a l  e x p e r i -  
ments u t i l i z e d  an a r r a y  o f  175 pm o r i f i c e s ,  w i t h  
t h e  465 o r i f i c e s  arranged i n  a s e r i e s  o f  concen- 
t r i c  c i r c l e s .  By va ry ing  d r o p l e t  d iamete r  and 
i n t r a - s t r e a m  d r o p l e t  spac ing ,  d i a m e t r i c a l  o p t i c a l  
depths  between 0.9 and 1 .8  were examined. Subse- 
quent  exper iments  were w i t h  a 2300-hole a r r a y  o f  
175 pm o r i f i c e s ,  and o p t i c a l  depths between 2.0 
and 2.8 were examined. O p t i c a l  dep th  was c a l c u -  
l a t e d  by measur ing  the  a t t e n u a t i o n  o f  a l a s e r  
beam by t h e  c y l i n d r i c a l  c l o u d  o f  d r 0 p l e t s . 3 ~  
R a d i a t i v e  t r a n s f e r  f rom t h e  d r o p l e t  sheet  was 
measured w i t h  a the rmop i l e  d e t e ~ t o r . ~ ~ ~ ~ ~  
F i g u r e  12  shows t h e  exper imen ta l  r e s u l t s 2 7  f o r  
o p t i c a l  depths  between 0.9 and 1 .8 .  S i m i l a r  
r e s u l t s  a r e  repo r ted  f o r  T between 2.0 and 
2.B.36 
agreement between exper iment and theo ry28  1 s 
q u i t e  good. D rop le ts  o f  DC-704 between 300 and 
500 pm d iamete r  were used e x p e r i m e n t a l l y .  S ince  
t h e  emi t tance  o f  a 600 pm d r o p l e t  o f  DC-705 was 
known f rom a p rev ious  exper imen t , l 5  t h i s  va lue  
of 0 .61 t0 .05  was assumed f o r  300 t o  500 pm drop-  
l e t s  o f  DC-704. The two f l u i d s  a r e  v e r y  s i m i l a r  
c h e m i c a l l y ,  and t h e l r  o p t i c a l  p r o p e r t i e s  a r e  sim- 
i l a r  as w e l l .  Since d r o p l e t  em i t tance  i s  a c t u a l l y  
a s i g n i f i c a n t  f u n c t i o n  o f  d r o p l e t  r a d i u s  (as  d i s -  
cussed l a t e r ) ,  and s i n c e  d i f f e r e n t  f l u i d s  were 
used, t h e  d a t a  spread o f  F i g .  12 i s  t o  be 
expec ted .  

i s t i c s  o f  an  LOR d r o p l e t  sheet  can be ga ined 
th rough  a Monte Car lo  a n a l y s i s .  O f  c o n s i d e r a b l e  
impor tance t o  t h e  des ign  o f  an optimum LOR i s  

I t  can be observed i n  F i g .  12  t h a t  

F u r t h e r  i n s i g h t  i n t o  t h e  r a d i a t i v e  c h a r a c t e r -  

t h e  p roper  c h o i c e  o f  d r o p l e t  spac ing ;  d r o p l e t  
shee t th i ckness .  w i d t h ,  and l e n  t h ;  and d r o p l e t  
v e l o c i t y .  Brown and Kosson12* j7  de termined t h e  
c o n t r i b u t i o n  o f  v a r i o u s  l a y e r s  o f  a d r o p l e t  sheet  
t o  t h e  sheet  em i t tance .  For a d r o p l e t  sheet  10  
l a y e r s  t h i c k ,  t h e  o u t e r  two l a y e r s  c o n t r i b u t e  
a lmos t  40 p e r c e n t  o f  t h e  t o t a l  em iss i ve  power o f  
t h e  sheet ,  w h i l e  t h e  two inne rmos t  l a y e r s  c o n t r i b  
U te  o n l y  10  p e r c e n t .  The d r o p l e t s  I n  t h i s  case 
each have an emi t tance  o f  0.2,  t y p i c a l  o f  l i q u i d  
me ta l  d r o p l e t s  i n  t h e  s i z e  range o f  i n t e r e s t .  and 
I n t r a - s t r e a m  spac ing  i s  as c l o s e  as p h y s i c a l l y  
p o s s i b l e .  Changing t h e  spac ing  between d r o p l e t  
l a y e r s  ( i n  t h e  d i r e c t i o n  normal t o  t h e  p l a n e  o f  
t h e  shee t )  does n o t  a f f e c t  t h e  sheet  em i t tance ,  
somewhat s u r p r i s i n g l y .  

shown i n  F i g .  13,  wh ich  i s  somewhat analogous t o  
F i g .  11.  Sheet em i t tance  as a f u n c t i o n  o f  d rop -  
l e t  em i t tance  and cp i s  shown. Here, D i s  
t h e  d r o p l e t  d iamete r ,  S i s  t h e  space ( c l e a r a n c e )  
between two d r o p l e t s ,  and N i s  t h e  number o f  
d r o p l e t  l a y e r s .  The minimum va lue  f o r  S/D i s  
u n i t y .  T h i s  minimum I s  observed e x p e r i m e n t a l l y  
f o r  Ray le igh  j e t  breakup, and cor responds t o  a 
d r o p l e t  p i t c h  t o  d iamete r  r a t i o  o f  two. F i g .  1 3  
i n d i c a t e s  t h a t  a p o i n t  o f  d i m i n i s h i n g  r e t u r n s  i s  
reached f o r  va lues  o f  cp l a r g e r  than  t h r e e  t o  
f i v e  (dependent on d r o p l e t  e m i t t a n c e ) .  To m i n i -  
m ize  i n t r a - s t r e a m  v e l o c i t y  d i s p e r s i o n ,  va lues  o f  
two o r  t h r e e  f o r  S/D may need t o  be cons ide red .  
Thus, a f u l l - s c a l e  LDR may have between 12  and 80 
l a y e r s ,  a l t h o u g h  a d r o p l e t  sheet  30 l a y e r s  t h i c k  
appears t o  be a p r a c t i c a l  upper l i m i t  f o r  t h e  
va lues  o f  d r o p l e t  em i t tance  o f  most i n t e r e s t .  
The inc remen ta l  mass p e n a l t y  a s s o c i a t e d  w i t h  add- 
i n g  an a d d i t i o n a l  d r o p l e t  l a y e r  t o  t h e  genera to r  
o f  F i g .  6 i s  s m a l l .  The re fo re ,  a d r o p l e t  sheet  
12  t o  30 rows t h i c k  appears t o  be a reasonab le  
com- promise  between low  genera to r  mass and 
maximum sheet  o p t i c a l  depth .  

A v e r y  i m p o r t a n t  r e s u l t  o f  t h e  a n a l y s i s  i s  

Monte C a r l o  methods have a l s o  been u t i l i z e d  
i n  MCDROP, t h e  McDonnel l  Douglas LOR system com- 
p u t e r  code. I s o t r o p i c  s c a t t e r i n g  i s  a g a i n  
assumed. MCDROP can accep t  as i n p u t s  f o u r  param- 
e t e r s  t h a t  d e s c r i b e  r a d i a t o r  env i ronment :  o r b i t  
h e i g h t ,  t h e  a n g l e  o f  i n c l i n a t i o n  o f  t h e  o r b i t a l  
p l a n e  t o  t h e  e c l i p t i c  p lane ,  s p a c e c r a f t  l o c a t i o n  
( w i t h  r e s p e c t  t o  t h e  sun) i n  t h e  o r b i t a l  p lane ,  
and t h e  o r i e n t a t i o n  o f  t h e  d r o p l e t  sheet  w i t h  
r e s p e c t  t o  t h e  e c l i p t i c  p lane .  W i t h  these  f o u r  
parameters  known, t h e  e a r t h  and s o l a r  a lbedos  a r e  
f i x e d ,  and t h e  r a d i a t i v e  env i ronment  of  t h e  LOR 
i s  t h e r e f o r e  p r ' esc r lbed .  Temperature g r a d i e n t s  
ac ross  t h e  sheet  t h i c k n e s s  a r e  cons ide red .  The 
e f f e c t s  o f  i n c i d e n t  s o l a r  and e a r t h  r a d i a t i o n  on 
such tempera tu re  g r a d i e n t s  a r e  p r e ~ e n t e d 2 ~ 9 3 ~  
t o  show t h e  impor tance o f  p roper  LOR sheet  o r i e n -  
t a t i o n  w i t h  r e s p e c t  t o  t h e  sun. Even w i t h  t h e  
LOR sheet  edge on t o  t h e  sun, a nonsymmetr ic tem- 
p e r a t u r e  d i s t r i b u t i o n  w i l l  e x i s t .  T h i s  i s  due t o  
b o t h  s o l a r  r a d i a t i o n  r e f l e c t e d  f r o m  t h e  e a r t h ,  
and emiss ion  f r o m  t h e  e a r t h .  

Recent work a t  NASA Lewis has extended t h e  
e a r l i e r  work a t  UW, Grumman, and MDAC. Tempera- 
t u r e  d i s t r i b u t i o n s  ac ross  t h e  sheet  t h i c k n e s s ,  
and a l o n g  t h e  d r o  l e t  f l i g h t  pa th ,  have been 
i n v e ~ t l g a t e d . ~ ~ - ~ ~  I s o t r o p i c  s c a t t e r i n g  i s  
assumed, and tempera tu re  g r a d i e n t s  w i t h i n  a d rop-  
l e t  a r e  i gno red ,  as a r e  g r a d i e n t s  a long  t h e  sheet  
w i d t h .  The r e l e v a n t  equa t ions  were so l ved  
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n u m e r i c a l l y ,  and t h e  r e s u l t s  o f  Ma t t i ck7g29  are  
p resen ted  and extended. The e f f e c t s  o f  a two- 
d imens iona l  t empera tu re  d i s t r i b u t i o n  on sheet 
e m i t t a n c e  and r a d i a t e d  hea t  l o a d  a r e  presented .  

A l l  p r e v i o u s  ana lyses  have assumed e l t h e r  an 
i s o t h e r m a l  sheet  o r  a one-d imens iona l  tempera ture  
d i s t r i b u t i o n  w i t h  t h i c k n e s s .  Sheet em i t tance  I s  
observed t o  decrease s l o w l y  w i t h  t i m e  ( o r  d i s -  
t a n c e ) ,  u n t i l  a new, lower  v a l u e  o f  e m i t t a n c e  I s  
approached a s y m p t o t i c a l l y .  Regard less  of  t h e  
o p t i c a l  t h i c k n e s s  o r  s c a t t e r i n g  a lbedo,  t h i s  
s teady  s t a t e  sheet  em i t tance  7 s  a t t a i n e d  a t  a 
c h a r a c t e r  i s t i c d i mens 1 on 1 es s t ime .3O 
cor responds t o  t h e  sheet  l o s i n g  approx ima te l y  
30 p e r c e n t  o f  I t s  i n i t i a l  t he rma l  energy by r a d i -  
a t i v e  c o o l i n g .  T h i s  c h a r a c t e r i s t i c  steady s t a t e  
v a l u e  o f  sheet  em i t tance  i s  d e r i v e d  I n  a steady- 
s t a t e  ana lys i s .31  and r e s u l t s  a r e  i n  comple te  
agreement w i t h  those  o f  t h e  t r a n s i e n t  s o l u t i o n . 3 0  
The s teady  s t a t e  va lue  depends o n l y  on d r o p l e t  
em i t tance ,  o p t i c a l  t h i c k n e s s .  and s c a t t e r i n g  
a lbedo .  F i n a l l y ,  t h e  tempera ture  g r a d i e n t s  w i t h  
sheet  t h i c k n e s s  and l e n g t h  a r e  g i v e n  as f u n c t i o n s  
o f  o p t i c a l  t h i c k n e s s  and s c a t t e r i n g  a lbedo.  

T h i  s t i  me 

The v a r i a t i o n  o f  d r o p l e t  t empera tu re  w i t h  
dep th  i n t o  t h e  sheet  r e s u l t s  f r o m  e x t e r i o r  drop- 
l e t s  c o o l i n g  more r a p i d l y  than  i n t e r i o r  d r o p l e t s .  
For  l i q u i d s  whose v i s c o s i t y  v a r i e s  r a p i d l y  w i t h  
tempera ture ,  t h i s  tempera tu re  d i s t r i b u t i o n  would 
r e s u l t  i n  d r o p l e t  streams o f  w i d e l y  d i f f e r e n t  
v i s c o s l t y  i m p a c t l n g  a c o l l e c t o r .  I f  t h e  d r o p l e t  
g e n e r a t o r  produced d r o p l e t  l a y e r s  a t  v a r y i n g  
v e l o c i t i e s ,  a more u n i f o r m  d r o p l e t  sheet c o u l d  be 
produced. D r o p l e t  t empera tu re  would va ry  o n l y  
w i t h  d i s t a n c e  f r o m  t h e  genera to r .  The i n i t i a l  
v e l o c i t y  p r o f i l e  r e q u i r e d  t o  ach ieve  t h i s  i s  pre- 
sented i n  Ref.  32. 

D r o p l e t  sheet  mass f o r  a g i v e n  h e a t  l o a d  i s  
o f t e n  reduced i f  s o l i d i f y i n g  d r o p l e t s  a r e  u t i l -  
I z e d .  The s o l i d i f y i n g  LDR e x p l o i t s  t h e  l a t e n t  
h e a t  o f  f r e e z i n g  o f  t h e  work ing  f l u i d .  The con- 
c e p t  has been ana lyzed by seve ra l  i n v e s t i g a -  
t o r ~ . ~ ~ ~ ~ ~ ~ ~ * ~ ~  
more complex, s i n c e  s o l i d  d r o p l e t s  impact t h e  
c o l l e c t o r .  I f  an a u x i l i a r y  f i l m  i s  i n j e c t e d  a t  
t h e  c o l l e c t o r ,  t h e  incoming d r o p l e t s  can be 
r a p i d l y  me l ted .  For  a m u l t i p l e  pass LDR, such as 
i n  F i g .  10. t h e  c l o s e  p r o x i m i t y  o f  t h e  c o l l e c t o r  
and hea t  exchanger a l l o w s  a heated  a u x i l i a r y  f i l m  
f rom t h e  hea t  exchanger t o  be i n j e c t e d  a t  t h e  
c o l l e c t o r .  T o t a l  LDR mass f o r  a s o l i d i f y i n g ,  
p a r a l l e l  c o n f i g u r a t i o n  has n o t  been eva lua ted  t o  
da te .  

The d r o p l e t  c o l l e c t o r  may become 

A l though  a t r i a n g u l a r  LDR I s  p r e s e n t l y  
regarded as more p r o m i s i n g  than  a r e c t a n g u l a r  
LDR, t h e  r a d i a t i v e  behav io r  o f  a converg ing  drop- 
l e t  shee t  i s  l e s s  w e l l  unders tood.  The e x t i n c -  
t i o n  c o e f f i c i e n t  i nc reases  i n  a complex manner 
w i t h  d r o p l e t  f l i g h t  t ime,  m a i n l y  due t o  focus ing  
of  t h e  shee t .  Bo th  l n t e r a n d  i n t r a - s t r e a m  d r o p l e t  
c o l l i s i o n s  i n c r e a s e  w i t h  d i s t a n c e  f rom t h e  gener- 
a t o r ,  dec reas ing  t h e  t o t a l  number o f  d r o p l e t s ,  
b u t  i n c r e a s i n g  t h e i r  d iamete r .  A s  d i scussed  
l a t e r ,  t h e  c o l l i d i n g  d r o p l e t s  coa lesce  for the  
impac t  v e l o c i t i e s  expected i n  a focused sheet .  
Approx imat ions  have i n d i c a t e d  t h a t  r a d i a t i o n  from 
a t r i a n g u l a r  sheet  may be o n l y  10  t o  15 percent  
l e s s  t h a n  f r o m  a r e c t a n g u l a r  sheet of equa l  w id th  
and l e n g t h . b  T h i s  i s  due t o  t h e  approx ima te l y  
T4 behav io r ,  r e s u l t i n g  i n  s u b s t a n t i a l l y  more 

t h a n  50 p e r c e n t  o f  t h e  r a d i a t i o n  b e i n g  d i s s i p a t e d  
i n  t h e  f i r s t  h a l f  o f  a r e c t a n g u l a r  sheet .  I t  has 
been suggested40 t h a t  t h e  e f f e c t i v e  tempera tu re  
of a t r i a n g u l a r  sheet  be e s t i m a t e d  as t h e  geomet- 
r i c  mean o f  genera to r  and c o l l e c t o r  tempera tures .  
A b e t t e r  unders tand ing  o f  r a d i a t i o n  f rom a t r i -  
angu la r  d r o p l e t  sheet  i s  r e q u i r e d ,  and v a r i o u s  
i n v e s t i g a t o r s  a r e  work ing  t o  t h a t  end. 

A l l  o f  t h e  a n a l y t i c a l  s o l u t i o n s  desc r ibed  
above r e l y  on knowledge o f  t h e  d r o p l e t  em i t tance .  
For opaque l i q u i d s  such as l i q u i d  me ta l s ,  r a d i a -  
t i o n  f r o m  a l i q u i d  d r o p l e t  l s  p r i m a r i l y  a s u r f a c e  
phenomenon. For  nonopaque o i l s ,  r a d i a t i o n  f r o m  a 
d r o p l e t  i s  v o l u m e t r i c  i n  n a t u r e .  The r e l a t i o n  
between d r o p l e t  em i t tance  ( d r o p l e t  s u r f a c e  emis- 
s i v i t y )  and t h e  i n t r i n s i c  p r o p e r t i e s  o f  a l i q u i d  
I s  d e r i v e d  f r o m  fundamental  principles. The d rop -  
l e t  em i t tance  i s  a f u n c t i o n  o f  t h r e e  q u a n t i t i e s : 4 1  

( 1 )  A b s o r p t i v i t y ,  a, wh ich  i s  an  i n t r i n s i c  
f l u i d  p r o p e r t y  independent  o f  geometry, and 
has u n i t s  o f  cm-l 

( 2 )  D r o p l e t  r a d i u s ,  R 
(3) The r e f l e c t i v i t y  o f  t h e  l i q u i d  su r face ,  

ps 

Sur face  r e f l e c t i v i t y  i s  d e f i n e d  f o r  t h e  I n t e r f a c e  
between a l i q u i d  (medium 2 ) ,  and t h e  a d j a c e n t  
medium 1, wh lch  i s  u s u a l l y  a i r .  Su r face  r e f l e c -  
t i v i t y  i s  wave length  dependent, and i s  g i v e n  by 
ps = 1 - (n2 /n1)2 ,  where 
r e f r a c t i o n  f o r  t h e  medium and wave length  o f  i n t e r -  
e s t .  The re fo re ,  w i t h  a knowledge o f  n ( u )  and 
a ( v )  f o r  a w o r k i n g  f l u i d  o f  i n t e r e s t ,  r a d i a t i v e  
per fo rmance o f  a sheet o f  semi - t ransparen t  d rop -  
l e t s  can be p r e d i c t e d  f r o m  t h e  a n a l y t i c a l  r e s u l t s  
d i scussed  i n  t h i s  s e c t i o n .  

n I s  t h e  i ndex  o f  

Exper imen ta l  v e r i f i c a t i o n  o f  t h e  a n a l y t i c a l  
p r e d i c t i o n s  i n  t h i s  s e c t l o n  I s  b e i n g  c a r r i e d  o u t  
a t  NASA Lewis.  A d r o p l e t  sheet  w i t h  a h i g h  w i d t h  
t o  t h i c k n e s s  r a t l o  c h a r a c t e r i s t i c  o f  an opera- 
t i o n a l  LDR I s  b e i n g  examined. Up t o  2000 d r o p l e t  
streams o f  DC-705 a r e  heated  up t o  400 K .  and a r e  
p r o j e c t e d  th rough  a 3.1 m t e s t  s e c t i o n ,  r a d i a t i n g  
l n  a 10-4  t o r r  vacuum t o  a s i m u l a t e d  space 
env i ronment  a t  -80 K .  The d r o p l e t  sheet  I s  20 cm 
wide, 2 cm t h i c k ,  and 3.1 m l ong .  D e t a i l s  o f  t h e  
exper imen ta l  appara tus  a r e  g i v e n  e 1 ~ e w h e r e . l ~  

D r o p l e t  Sheet Phys ics  

I n  a d d i t i o n  t o  r a d i a t i v e  performance, an LDR 
d r o p l e t  shee t  must meet o t h e r  requ i remen ts .  Many 
i s s u e s  r e l a t e d  t o  d e s i r e d  per fo rmance depend 
s o l e l y  on i d e n t i f i c a t i o n  o f  t h e  p roper  work ing  
f l u i d ,  and a r e  d i scussed  i n  t h e  n e x t  s e c t i o n .  
M i n i m i z i n g  s p a c e c r a f t  c o n t a m i n a t i o n  f rom t h e  LDR 
i m p l i e s  p roper  genera to r  and c o l l e c t o r  per fo rm-  
ance. The d r o p l e t  sheet  a l s o  must n o t  be a source  
o f  p o s s i b l e  con tamina t ion .  

D r o p l e t  c o l l l s l o n s ,  e s p e c i a l l y  f o r  a focused 
sheet  o f  a t r i a n g u l a r  LDR. must be unders tood.  
C o l l i s i o n s  w i t h i n  a s t ream a r e  m in im ized  o r  e l i m -  
i n a t e d  when d r o p l e t  d i s p e r s i o n s  a r e  s u f f i c i e n t l y  
low. A t  p resen t ,  i n t r a - s t r e a m  c o l l i s i o n s  a r e  n o t  
t h e  ma jo r  concern,  s i n c e  d r o p l e t  streams can t r a -  
v e l  up t o  100 m w i t h o u t  s i g n i f i c a n t  c o l l i -  
s i ons . l 6gZ1  F u r t h e r  I n v e s t i g a t i o n  o f  t h i s  
phenomenon f o r  an LDR d r o p l e t  genera to r  i s  i n  
p rog ress .23  
f rom i n t e r s e c t i n g  d r o p l e t  streams. For o r i f i c e s  

The ma jo r  source  o f  c o l l i s i o n s  i s  
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spaced 2 mm a p a r t ,  d r o p l e t  streams f r o m  a d j a c e n t  
o r i f i c e s  can c o l l l d e  w i t h i n  1 m. T h l s  assumes a 
t r a j e c t o r y  accuracy  o f  1 mrad, wh lch  I s  t h e  b e s t  
accuracy  demonstrated t o  d a t e  I n  t h e  I n k  J e t  
P r l n t e r  I n d u s t r y .  A t r a j e c t o r y  accuracy  o f  
10  p rad ,  n o t  y e t  demonstrated, would be needed t o  
e l i m i n a t e  a l l  c o l l i s i o n s  i n  a r e c t a n g u l a r  d r o p l e t  
sheet  100 m l o n g .  C o l l i s i o n s  i n  a t r i a n g u l a r  
d r o p l e t  sheet  cannot be avolded. 
des ign  thus  must cons ider  t h e  decrease I n  d r o p l e t  
f l u x  w i t h  p a t h  l eng th ,  and t h e  co r respond ing  
I n c r e a s e  i n  d r o p l e t  d lameter .  Thus, w i t h  t h e  
number o f  d r o p l e t  c o l l l s l o n s  known, t h e  d r o p l e t  
sheet  can be s i z e d  t o  r a d i a t e  s u f f l c l e n t  hea t  t o  
space. 

Two p r e l l m l n a r y  a n a l y s e ~ ~ s ~ ~  o f  d r o p l e t  
c o l l i s i o n s  conc lude t h a t  a h i g h  degree o f  focus-  
i n g  I s  u n d e s l r a b l e .  For a t r l a n g u l a r  LDR, a sma l l  
sheet  w i d t h  t o  l eng th  r a t i o  i s  p r e f e r r e d .  Th is  
w i l l  assure  sma l l  angles o f  I n c i d e n c e  and low  
impact  v e l o c i t i e s  between c o l l i d i n g  d r o p l e t  
streams. More d e t a l l e d  a n a l y s i s  I s  c u r r e n t l y  
b e l n g  conducted a t  both USC and MDAC. Resu l t s  t o  
d a t e  I n d i c a t e  t h a t  for t h e  r e l a t i v e  Impact  ve loc -  
i t i e s  expec ted  i n  an LDR, d r o p l e t  coa lescence I s  
p r e d i c t e d .  Maximum Impact v e l o c l t l e s  a r e  2 t o  
5 m/s f o r  w o r s t  case c o n d i t i o n s .  Exper imenta l  
v e r i f l c a t l o n  o f  these r e s u l t s  I s  I n  p rog ress  a t  
USC. 

Proper sheet  

D r o p l e t  c o l l i s i o n s  have been observed r a t h e r  
e x t e n s i v e l y  a t  NASA Lewis.  Dur lng  in -house 
i n s p e c t i o n  o f  o r l f i c e  p l a t e  t r a j e c t o r y ,  p l a t e s  o f  
poo r  q u a l i t y  were o c c a s i o n a l l y  produced. 
o f  10  d r o p l e t  streams I s s u i n g  f rom t h e  p l a t e s  
were examined I n  a 10 pm Hg vacuum. A t  l ow  j e t  
v e l o c i t i e s ,  f l l m  e f f e c t s  caused s i g n i f i c a n t  m l s -  
d i r e c t l o n  o f  t h e  d r o p l e t  streams be lng  examined. 
I n  many I n s t a n c e s ,  d r o p l e t  streams would c o l l i d e ,  
r e s u l t i n g  i n  a new a r r a y  o f  e l g h t  o r  n l n e  j e t s ,  
w i t h  one s t ream o f  d r o p l e t s  b e l n g  26 p e r c e n t  
l a r g e r  i n  d lamete r  than be fo re .  Th is  o b s e r v a t i o n  
was made hundreds o f  t imes,  and was o f t e n  cap- 
t u r e d  on 35 mm f l l m .  Angles o f  I n c i d e n c e  were i n  
t h e  range o f  1 t o  30 mrad, wh lch  I m p l i e d  r e l a t i v e  
Impact  v e l o c l t l e s  up t o  1 . 5  m / s .  I n  a l l  
I n s t a n c e s ,  d r o p l e t  c o l l i s l o n s  r e s u l t e d  i n  coa les -  
cence. No s c a t t e r i n g  o f  secondary d r o p l e t s  was 
observed, even under l i g h t i n g  c o n d l t l o n s  where 
10 pm s a t e l l i t e  d r o p l e t s  ( l i m i t  o f  r e s o l u t i o n )  
were d e t e c t a b l e .  These r e s u l t s  I n d i c a t e  t h a t ,  a t  
l e a s t  f o r  l ow  su r face  t e n s l o n  f l u l d s  such as 
DC-704, d r o p l e t  c o l l i s l o n s  w l l l  a lways r e s u l t  I n  
coa lescence f o r  l ow  Impact v e l o c l t l e s .  H ighe r  
impact  v e l o c i t i e s  would be expec ted  o n l y  I n  a 
h i g h l y  focused d r o p l e t  shee t .  

Charg ing  of  d r o p l e t s  I n  t h e  space plasma 
r e p r e s e n t s  a p o s s i b l e  l o s s  mechanism. The e f f e c t s  
o f  c h a r g i n g  were consldered i n  d e t a i l  f o r  a l t i -  
tudes  above 150 km.5 The w o r s t  d e f l e c t i o n  no ted  
was I n  t h e  plasma sheet, and f r a c t l o n a l  d e f l e c -  
t i o n s  l e s s  t h a n  1 prad were c a l c u l a t e d  f o r  a l l  
a l t i t u d e s .  S ince  o r l f l c e  a im ing  accu rac les  a r e  
of  t h e  o rde r  o f  1 mrad, t h i s  I s  i n s l g n l f l c a n t .  
C u r r e n t l y ,  s e v e r a l  I n v e s t i g a t o r s  a t  JPL a r e  
e x p e r i m e n t a l l y  s i m u l a t i n g  t h e  e f f e c t s  o f  plasma 
c h a r g l n g  on d r o p l e t  t r a j e c t o r y .  T h l s  w l l l  se rve  
as v e r i f l c a t l o n  o f  t h e  a n a l y t l c a l   calculation^.^ 
A second mechanism o f  d r o p l e t  cha rg ing  occurs  a t  
d r o p l e t  f o r m a t l o n .  P o t e n t i a l s  up t o  10 000 V 
have been observed on s p a c e c r a f t  su r faces .  I f  
t h e  d r o p l e t s  become charged d u r i n g  fo rma t ion ,  

Ar rays  

subsequent d e f l e c t l o n  and r e p u l s i o n  c o u l d  occu r .  
To da te ,  t h e  magn i tude o f  t h i s  e f f e c t  has n o t  
been assessed. I f  t h i s  I s  l d e n t l f l e d  as a c r l t l -  
c a l  i s s u e ,  s e v e r a l  proposed s o l u t i o n s  c o u l d  be 
i n v e s t i g a t e d .  

Atmospher ic d r a g  on an LDR d r o p l e t  sheet  I s  
p o t e n t i a l l y  a mechanism by wh lch  t h e  work lng  f l u l d  
c o u l d  con tamlna te  t h e  s p a c e c r a f t .  A " w o r s t  case" 
geometry, where r e l a t l v e  w lnd  i s  normal t o  t h e  
d l r e c t l o n  o f  d r o p l e t  t r a v e l ,  was assumed5 i n  
assess lng  t h e  e f f e c t s  o f  a tmospher lc  d rag .  An 
a c c e p t a b l e  s a f e t y  marg in  r e q u l r e s  t h a t  t h e  LDR be 
l l m l t e d  t o  m l s s l o n s  above 250 t o  300 km. If t h e  
LDR I s  c o n s t r a l n e d  t o  an o r i e n t a t i o n  where t h e  
r e l a t l v e  w lnd  I s  p a r a l l e l  t o  t h e  d r o p l e t  t r a v e l ,  
no r e s t r l c t i o n  on o r b i t  a l t i t u d e  wou ld  a p p l y .  
However, t h i s  deployment r e s t r l c t l o n  c o u l d  be 
unaccep tab le  t o  some m i s s i o n  p l a n n e r s .  Use o f  a 
d r a g  s h i e l d  t o  overcome t h e  e f f e c t s  o f  a tmospher lc  
d r a g  I n  LEO was b r i e f l y  I n v e ~ t l g a t e d , ~  b u t  was 
judged t o  be r e l a t l v e l y  i n e f f e c t i v e  a t  t h e  l ower  
a l t l t u d e  o r b i t s  o f  I n t e r e s t .  

One o f  t h e  major  advantages o f  t h e  LDR over  
e x l s t i n g  techno logy  I s  i t s  r e l a t i v e  Immuni ty  t o  
m ic rometeo ro ld  damage. The modu la r i zed  d r o p l e t  
genera to r  o f  F l g .  6 I s  I n h e r e n t l y  Immune t o  s i n g l e  
p o i n t  f a i l u r e .  S l m l l a r l y ,  a l l n e a r  c o l l e c t o r  f o r  
a r e c t a n g u l a r  LDR c o u l d  be des igned on an ana log-  
ous b a s l s .  Thus, o n l y  a f l u l d  r e t u r n  p i p e  f o r  a 
s i n g l e  pass LDR r e q u i r e s  f a l l - s a f e  m ic rometeo ro ld  
p r o t e c t i o n ;  dua l  LDR's such as shown I n  F i g .  10  
do n o t  possess l e n g t h y ,  mass ive  f l u l d  r e t u r n  
l i n e s .  A c u m u l a t i v e  f l u x  d i s t r i b u t i o n  was 
assumed, and I t  was de termlned t h a t  a n e g l l g l b l e  
f r a c t l o n  o f  t h e  d r o p l e t  sheet  mass was l o s t  p e r  
year  due t o  d r o p l e t  d e f l e c t l o n  by i m p a c t i n g  m l c r o -  
me teo ro ids  S l m l l a r l y ,  a n e g l l g i  b l e  f r a c t l o n  
o f  t h e  d r o p l e t  mass I s  l o s t  p e r  year  by d r o p l e t  
v a p o r i z a t i o n  r e s u l t i n g  f r o m  mic rometeo ro ld  
impacts .  The advantages o f  d i v i d i n g  a l a r g e  r a d l -  
a t o r  I n t o  t r l l l l o n s  o f  m l c r o r a d l a t o r s  I s  c l e a r l y  
demonst ra ted .  

Worklnq F l u i d  S e l e c t i o n  

S t r i n g e n t  requ l rements  a r e  demanded o f  an LDR 
work lng  f l u l d .  A s u i t a b l e  l l q u i d  must have a l ow  
vapor p ressu re  and must be c h e m i c a l l y  s t a b l e  I n  
t h e  space env l ronment  o f  i n t e r e s t .  A s u i t a b l e  
l i q u i d  i d e a l l y  has a l ow  v i s c o s i t y ,  h i g h  e m l s s l v -  
i t y ,  l ow  a b s o r p t i v i t y  t o  I n c i d e n t  s o l a r  r a d l a t l o n ,  
h i g h  s u r f a c e  t e n s l o n ,  l ow  d e n s i t y ,  h i g h  hea t  capa- 
city and h l g h  the rma l  c o n d u c t l v l t y . 1 7  The work- 
l n g  f l u l d  must a l s o  be compa t lb le  w i t h  a v a i l a b l e  
genera to r  and c o l l e c t o r  m a t e r i a l s .  

A number o f  l i q u i d  me ta l s  and Dow Corn ing  705 
d i f f u s i o n  pump 011 have been l d e n t l f l e d  as cand l -  
d a t e  l l q u l d s . 4  I t  was observed t h a t  no s u l t a b l e  
f l u i d s  e x l s t e d  f o r  t h e  320 t o  450 K range, wh ich  
I s  o f  I n t e r e s t  f o r  some Bray ton  c y c l e s .  Two new 
a l t e r n a t l v e s  were thus  syn thes i zed  by Dow Corn ing ,  
and r e l e v a n t  o p t i c a l  and p h y s i c a l  p r o p e r t i e s  o f  
t hese  exper imen ta l  o rganos i l oxanes  were meas- 
 red.^^ Vapor p r e s s u r e  c h a r a c t e r i s t i c s  f o r  
t hese  and o t h e r  cand ida te  f l u l d s  a r e  shown I n  
F l g .  14 .  A l i t e r a t u r e  search  f o r  l ow  vapor p res -  
su re  o rgan lc  f l u i d s  d i d  n o t  r e v e a l  any new a l t e r -  
n a t i v e ~ . ~ ~  I n o r g a n l c  s a l t s  have ve ry  l ow  vapor 
p ressu res  near t h e l r  m e l t i n g  p o i n t .  Because o f  
concerns about  m a t e r i a l s  c o m p a t l b l l l t y ,  t hese  a r e  
n o t  cons lde red  p r o m i s i n g .  
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Var ious  e u t e c t i c  com o s i t i o n s  o f  l i q u i d  metals 
have been i n v e s t i g a t e d . 2 g  These e u t e c t l c s  gen- 
e r a l l y  have unknown e m i s s i v i t i e s ,  b u t  t hese  have 
been es t ima ted .  When a v a i l a b l e ,  a pu re  meta l  i s  
p r e f e r r e d  ove r  a e u t e c t l c  compos i t i on .  s i n c e  a 
e u t e c t i c  w o r k i n g  f l u i d  c r e a t e s  a d d i t i o n a l  c o n t r o l  
p rob lems.  I f  t h e  work ing  f l u i d  does n o t  have 
p r e c i s e l y  t h e  same compos i t i on  as t h e  e u t e c t i c ,  
d i f f e r e n t i a l  e v a p o r a t i o n  ( d i s t i l l a t i o n )  o f  t h e  
m i x t u r e  can l e a d  t o  a change i n  p h y s i c a l  p roper -  
t i e s  w l t h  t i m e  o r  tempera ture  c y c l i n g .  Sur face  
o x i d a t i o n  i n  t h e  a tomic  oxygen environment may 
a l s o  l e a d  t o  d i f f e r e n t i a l  e v a p o r a t i o n  o f  t h e  
e u t e c t i c  l i q u i d  d r o p l e t .  Such problems can be 
surmounted, b u t  t hey  i n t r o d u c e  added comp lex i t y .  

I t  has been suggested t h a t  work ing  f l u i d s  be 
a l t e r e d  t o  improve t h e i r  o p t i c a l  p r o p e r t i e s .  For 
200 vm d r o p l e t s  of  DC-704, d r o p l e t  em i t tance  i s  
0.17,41 t y p i c a l  o f  l i q u i d  m e t a l s .  
f r o m  o i l  d r o p l e t s  i s  v o l u m e t r i c  i n  n a t u r e .  Drop- 
l e t  e m i t t a n c e  can be Inc reased  s i g n i f i c a n t l y  by 
i n c r e a s i n g  d r o p l e t  r a d i u s .  I t  c o u l d  a l s o  be 
i nc reased  by a d d i t i o n  o f  a s u i t a b l e  dye, i f  a 
c h e m i c a l l y  compa t ib le  dve c o u l d  be i d e n t i f i e d  f o r  
t h e  o i l  o f  i n t e r e s t .  For  l o w  e m i s s i v i t y  l i q u i d  
meta ls ,  add ing  a h i g h  e m i s s i v i t y  powder ( such  as 
carbon b l a c k )  t o  t h e  l i q u i d  me ta l  has been pro- 
posed.7 
powder were d i spe rsed  on t h e  me ta l  su r face ,  which 
appears l i k e l y .  I n v e s t i g a t o r s  a t  USC a r e  pres- 
e n t l y  s t u d y i n g  d r o p l e t  f o r m a t i o n  i n  s l u r r y  
streams. Other  researchers  have s u c c e s s f u l l y  
formed d r o p l e t  streams o f  a c o a l  i n  water  s l u r r y .  

R a d i a t i o n  

T h i s  would be e f f e c t i v e  i f  t h e  f i n e  

An a c t i v e  e f f o r t  i s  i n  p rog ress  t o  determine 
work lng  f l u i d  c o m p a t i b i l i t y  i n  o r b i t a l  env l ron-  
ments o f  i n t e r e s t .  S ince  demons t ra t i on  o f  a 
p r o t o t y p e  LOR i n  o r b i t  w i l l  be w i t h  a l ow  temper- 
a t u r e  f l u i d ,  cand ida te  o i l s  have been cons idered 
f i r s t .  Seven cand ida te  o i l s  were exposed t o  an 
a tomic  oxygen env i ronment  c r e a t e d  by a plasma 
a ~ h e r . ~ ~  They i n c l u d e d  t h r e e  s i l o x a n e  f l u i d s ,  
namely OC-705. polymethylphenylsiloxane (PMPS) ,  
and p o l y d i m e t h y l s i l o x a n e  ( P D M S ) ;  and f o u r  per -  
f l u o r i n a t e d  p o l y e t h e r s .  namely, Fombl in  225, 
K r y t o x  143AB, K r y t o x  1502, and K r y t o x  16256. The 
p e r f l u o r o e t h e r s  were found t o  be l e a s t  a f f e c t e d  
by t h e  a tomic  0 c o n d i t i o n s .  However, even they 
showed a v e r y  s l i g h t  deg rada t ion  i n  t h e  0 env l ron-  
ment, w i t h  t h e  C-0 e t h e r  bond be ing  t h e  most 
l i k e l y  p o i n t  o f  a t t a c k .  Work i s  i n  p rog ress  t o  
expose t h e  cand ida te  p e r f l u o r o e t h e r s  t o  an  atomic 
oxygen env i ronment  o f  4.5 eV atoms. Th is  i s  be ing  
c a r r i e d  o u t  a t  b o t h  JPL and NASA Lewis t o  more 
f u l l y  unders tand t h e  k i n e t i c s  o f  t h e  degrada t ion  
r e a c t i o n s  a t  t h e  a p p r o p r i a t e  a tomic  0 f l u x e s .  

The p r e l i m i n a r y  r e s u l t s  d iscussed above i n d i -  
c a t e  t h a t  seve ra l  d i f f e r e n t  f l u i d s  may be requ i red  
f o r  a g i v e n  tempera ture ,  depending on t h e  m iss ion  
env l ronment  and requ i remen ts .  The s i l o x a n e  f l u i d s  
t e s t e d  may n o t  be s u i t a b l e  i n  t h e  a tomic  0 env i -  
ronment o f  LEO, b u t  t h i s  needs f u r t h e r  i n v e s t i g a -  
t i o n .  Owing t o  t h e i r  s u p e r i o r  vapor p ressu re  and 
v i s c o s i t y  c h a r a c t e r i s t i c s .  s i l o x a n e  f l u i d s  such 
as PDMS o r  PMPS may be s u i t e d  f o r  m iss ions  a t  
h i g h e r  a l t i t u d e s ,  where a tomic  0 f l u x e s  a r e  lower 
and vapor p r e s s u r e  requ i rements  a r e  more severe. 
I t  1s g e n e r a l l y  agreed t h a t  f l u o r i n a t e d  O i l s  a re  
more s t a b l e  t o  a tomic  oxygen degrada t ion  than 
s i l o x a n e  f l u i d s .  S ince  no K r y t o x  o r  Fombl in  
f l u i d s  w l t h  s u i t a b l e  vapor p ressu re  and v i s c o s i t y  
c h a r a c t e r i s t i c s  a r e  commerc ia l l y  a v a i l a b l e ,  NASA 

Lewis i s  work ing  i n f o r m a l l y  w l t h  DuPont t o  syn- 
t h e s i z e  new f l u i d s  c h e m i c a l l y  s i m i l a r  t o  K r y t o x .  

Less i s  known about  t h e  s t a b i l i t y  o f  l i q u i d  
m e t a l s  such as C i ,  Ga, o r  Sn i n  t h e  a tomic  oxygen 
env i ronment .  Me ta l s  r e a d i l y  f o r m  ox ides  w i t h  0, 
wh ich  i n  cases l i k e  A1203 p r o t e c t  t h e  me ta l  f r o m  
f u r t h e r  a t t a c k .  For  a d r o p l e t  f l i g h t  t i m e  o f  pe r -  
haps 4 sec, k i n e t i c  s t u d i e s  o f  t h e  o x i d e  fo rma-  
t i o n  r e a c t i o n s  a t  t h e  a p p r o p r i a t e  a tomic  0 f l u x e s  
a r e  necessary .  An ox ide  l a y e r  may n o t  f o r m  d u r -  
i n g  a s h o r t  d u r a t i o n  exposure.  Format ion  o f  a 
me ta l  o x i d e  s k i n  on t h e  su r face  o f  a l i q u i d  me ta l  
d r o p l e t  may a c t u a l l y  be advantageous, s i n c e  t h e  
d r o p l e t  e m i s s i v i t y  would be improved. A minor  
v a r i a t i o n  on a l i q u i d  me ta l  LOR t h a t  would e x p l o i t  
t h e  advantages o f  o x i d e  f o r m a t i o n  has been sug- 
ges ted  by JPL i n v e s t i g a t o r s .  K i n e t i c  s t u d i e s  o f  
t h e  r e v e r s i b l e  o x i d e  f o r m a t i o n  r e a c t i o n  a r e  
r e q u i r e d  t o  assess t h e  f e a s i b i l i t y  o f  a 
me ta l /me ta l  o x i d e  work lng  f l u i d .  

A s u i t a b l e  work ing  f l u i d  must a l s o  be r e s l s -  
t a n t  t o  deg rada t ion  f r o m  r a d i a t l o n  and f r o m  o t h e r  
c o n s t i t u e n t s  o f  t h e  space plasma. S i l o x a n e  f l u i d s  
a r e  po lymer i zed  a f t e r  exposure t o  uV, r e s u l t i n g  
i n  s i g n i f i c a n t  changes I n  v i s c o s i t y .  R a d i a t i o n  
e f f e c t s ,  p a r t i c u l a r l y  f r o m  UV and vacuum uV r a d i -  
a t i o n ,  a r e  c u r r e n t l y  b e i n g  i n v e s t l g a t e d  a t  JPL 
f o r  Cand ida te  l ow  tempera ture  LOR f l u i d s .  Syner-  
g i s t i c  e f f e c t s  f r o m  combined exposure t o  a tomlc  0 
and UV have been i d e n t i f i e d  f o r  c e r t a i n  m a t e r i a l s .  

O p t i c a l  p r o p e r t i e s  o f  Cand ida te  work lng  f l u i d s  
must be a c c u r a t e l y  known, s i n c e  e r r o r s  i n  p r o p e r t y  
e s t i m a t i o n  have a tremendous impact  on system 
des ign .  E m i s s i v i t y  measurements f o r  cand ida te  
l i q u i d  me ta l s  a r e  comp l i ca ted  by o x i d e  f o r m a t i o n  
on a newly  c r e a t e d  su r face .  For  semi - t ransparen t  
o i l s ,  a l l  r e q u i r e d  o p t i c a l  p r o p e r t i e s  can be 
de termined f r o m  a knowledge o f  absor  t l v i t y ,  
a ( u ) ,  and r e f r a c t i v e  Index ,  n ( u ) . ~ ?  Absorp- 
t i v i t y  i s  u s u a l l y  approx imated f r o m  t r a n s m i s s i o n  
measurements a t  two o r  more f i l m  th i cknesses .  
S i g n i f i c a n t  exper imen ta l  e r r o r s  a r e  o f t e n  a s s o c i -  
a t e d  w i t h  t h i s  method, f o r  a number o f  e s o t e r i c  
reasons .  Much more accu ra te  measurements can be 
made w i t h  a t o t a l  r e f l e c t a n c e  approach.44 An 
exper imen ta l  spec t rum i s  ob ta ined ,  and n ( u )  
and a ( u )  a r e  o b t a i n e d  th rough  an i t e r a t i v e  p ro -  
cedure ,  u s i n g  a Kramers-Kron lg  t r a n s f o r m a t i o n .  
Work 1 s  i n  p rog ress  a t  NASA Lewis t o  a p p l y  t h i s  
method t o  c a n d i d a t e  LOR f l u i d s .  

C o n t r o l  o f  Spacec ra f t  Con tamina t ion  

A s i g n i f i c a n t  c r i t i c a l  I s s u e  i n  d e v e l o p i n g  an 
LOR i s  t o  m i n i m i z e  o r  e l i m i n a t e  s p a c e c r a f t  con- 
t a m i n a t i o n  f r o m  t h e  LOR. A t  l e a s t  f i v e  sources 
o f  con tamina t ion  have been I d e n t i f i e d .  Work ing  
f l u i d  l o s t  by any one o f  t hese  f i v e  mechanisms 
can be t r a n s p o r t e d  t o  t h e  s p a c e c r a f t  i n  a t  l e a s t  
s i x  ways. Any evapora ted  f l u i d  can recondense on 
t h e  s p a c e c r a f t .  B a c k s c a t t e r i n g  o f  t h e  evapora ted  
work ing  f l u i d  by t h e  space plasma can occu r .  
L i q u i d  can a l s o  c reep  a long  t h e  LOR s t r u c t u r e  t o  
reach  t h e  s p a c e c r a f t  p r o p e r .  Charged l l q u i d  
d r o p l e t s  can a l s o  be a t t r a c t e d  t o  a s p a c e c r a f t  
wh ich  has deve loped a charge o p p o s i t e  t o  t h a t  o f  
t h e  d r o p l e t .  D r o p l e t s  wh ich  impact  a s p a c e c r a f t  
s u r f a c e  can r e l e a s e  secondary contaminants .  
F i n a l l y ,  sp lashed d r o p l e t s  can t r a v e l  d i r e c t l y  
f r o m  t h e  LOR t o  t h e  s p a c e c r a f t .  
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Perhaps t h e  m o s t  r ecogn ized  source  o f  contam- 
i n a t i o n  i s  f r o m  splashed d r o p l e t s .  D r o p l e t  
c o l l i s i o n s ,  e s p e c i a l l y  i n  a focused sheet ,  can 
genera te  secondary s a t e l l i t e  d r o p l e t s  i f  t h e  r e l -  
a t i v e  impact  v e l o c i t y  i s  h igh .  As  d i scussed  
e a r l i e r  I n  t h i s  paper, d r o p l e t  c o l l i s i o n s  appear 
t o  be i nconsequen t ia l ,  s i n c e  coa lescence occurs .  
Splashed d r o p l e t s  can a l s o  be re leased  a t  t h e  
c o l l e c t o r .  To keep c o l l e c t o r  mass l o s s  i n s i g n i -  
f i c a n t ,  a des ign  goal o f  one i n  108 has been 
assumed. A more e f f i c i e n t  c o l l e c t o r  would p r i -  
m a r i l y  m in im ize  contaminat ion  concerns .  The 
des ign  goa l  has been demonstrated f o r  a l i n e a r  
c o l l e c t o r , 1 2  and i s  i n  t h e  process o f  b e i n g  
demonst ra ted  f o r  a r o t a t i n g  c o l l e c t o r .  

M i s d i r e c t e d  d r o p l e t  streams a r e  a l s o  a p e r -  
c e i v e d  concern .  The d r o p l e t  genera to r  o f  F i g .  6 
e l i m i n a t e s  t h i s  fea r ,  s i n c e  an i n d i v i d u a l  module 
can be t u r n e d  o f f  i f  a m i s d i r e c t e d  s t ream i s  
noted .  O r i f i c e  a r rays  w i l l  need t o  be f l i g h t  
q u a l i f i e d  a f t e r  f a b r i c a t i o n .  The o n l y  cause o f  
m i s d i r e c t e d  d r o p l e t  streams would be f r o m  a m ic ro -  
me teo ro id  impac t ing  and damaging an o r i f l c e  a r r a y .  
Here aga in ,  genera tor  m o d u l a r i z a t i o n  m in im izes  
t h i s  concern .  

A l i q u i d  f i l m  can a l s o  m i g r a t e  f r o m  t h e  gen- 
e r a t o r  o r  c o l l e c t o r  a long  t h e  LDR s t r u c t u r e  t o  
t h e  s p a c e c r a f t .  The shear sea l  des ign  proposed 
by Grumman, and discussed e a r l i e r ,  would e l i m i n a t e  
f l u i d  f i l m s  a t  t h e  g e n e r a t o r ,  i f  t h e  f e a s i b i l i t y  
o f  t h e  concept  can be demonstrated. Nonwet t ing  
c o a t i n g s  a p p l i e d  t o  t h e  a p p r o p r i a t e  su r faces  o f  
t h e  d r o p l e t  genera tor  and c o l l e c t o r  a r e  a po ten-  
t i a l  s o l u t i o n .  This i s  b e i n g  examined I n  t h e  
c u r r e n t  development o f  t h e  c e n t r i f u g a l  c o l l e c -  
t o r .  The l i q u i d  f i l m s  developed a t  t h e  d r o p l e t  
genera to r  have been observed e x p e r i m e n t a l l y  o n l y  
a t  module s t a r t u p  o r  shutdown. L i q u i d  f i l m s  a t  
t h e  c o l l e c t o r  a r e  apparen t l y  p o s s i b l e  d u r i n g  
s teady  s t a t e  ope ra t i on .  However, t h e  r o t a t i n g  
shroud c o l l e c t o r  i s  des igned t o  m in im ize  o r  e l i m -  
i n a t e  such f i l m s .  

A p o t e n t i a l l y  s i g n i f i c a n t  source  o f  contamina- 
t i o n  i s  f r o m  evapora t i on  o f  t h e  work ing  f l u i d .  
Some i n v e s t i g a t o r s  have assumed a vapor p r e s s u r e  
requ i remen t  o f  t o r r . 4  T h i s  c r i t e r i o n  was 
a r r i v e d  a t  by c a l c u l a t i n g  t h e  vapor p r e s s u r e  t h a t  
would r e s u l t  i n  an e v a p o r a t i v e  mass l o s s  i n  30 y r  
equa l  t o  t h e  sheet  mass. Mo lecu les  e v a p o r a t i n g  
f r o m  one d r o p l e t  can recondense upon c o n t a c t  w i t h  
o t h e r  d r o p l e t s .  The e x t e n t  t o  wh ich  t h i s  can 
occu r  i s  n o t  s u f f i c i e n t l y  unders tood.  The 
d e s i r e d  vapor p ressure  t o  assure  an i n s i g n i f i c a n t  
e v a p o r a t i v e  l o s s  I s  i n  t h e  t o  t o r r  
range.  A r r i v i n g  a t  a vapor p ressu re  c r i t e r i o n  t o  
keep c o n t a m i n a t i o n  f rom evapora t i ng  d r o p l e t s  a t  
an accep tab le  l e v e l  i s  more d i f f i c u l t .  C r i t i c a l  
o p t i c a l  su r faces  may be adve rse l y  a f f e c t e d  by t h e  
presence o f  a monolayer o f  con taminant .  For  o t h e r  
m i s s i o n s ,  con tamina t ion  requ i rements  w i l l  n o t  be 
as s t r i n g e n t .  Thus, vapor p ressu re  requ i rements  
may be more o r  l e s s  r e s t r i c t i v e  than  t o r r ,  
and can o n l y  be determined f o r  a w e l l  d e f i n e d  
m i s s i o n  and s p a c e c r a f t - r a d i a t o r  o r i e n t a t i o n .  

I n  a d d i t i o n  t o  rn ln im lz ing  con tamina t ion  
th rough  p roper  design o f  components and p roper  
c h o i c e  o f  work ing  f l u i d ,  o t h e r  s o l u t i o n s  have 
been proposed. The use of b a f f l e s  between t h e  
LOR and t h e  spacecra f t  p roper  appears f e a s i -  
b l e , 8  s i n c e  f r e e  molecu la r  f l o w  e x i s t s .  A c o l d  

p l a t e  can be l o c a t e d  on t h e  s p a c e c r a f t  t o  i nduce  
c o n t r o l l e d  condensat ion .  Proper c o n t r o l  o f  space- 
c r a f t  p o t e n t i a l  w i l l  e l i m i n a t e  con tamina t ion  f r o m  
e l e c t r o s t a t i c a l l y  a t t r a c t e d  d r o p l e t s .  When a 
t e t h e r e d  power system i s  p r e s e n t ,  as i n  some 
n u c l e a r  powered m i s s i o n s ,  t h e  LOR can be l o c a t e d  
f a r  f r o m  t h e  s p a c e c r a f t ,  near  t h e  power system. 
Fo r  non te the red  m i s s i o n s ,  c o n t a m i n a t i o n  can be 
m in im ized  mere l y  by l o c a t i n g  t h e  LDR as f a r  away 
f r o m  s e n s i t i v e  su r faces  as p o s s i b l e .  When d rop -  
l e t  e v a p o r a t i o n  i s  most s i g n i f i c a n t ,  t h e  d r o p l e t  
g e n e r a t o r  shou ld  be p laced  as f a r  as p o s s i b l e  
f rom s e n s i t i v e  a reas .  I f  d r o p l e t  s p l a s h i n g  i s  
t h e  predominant  source  o f  f l u i d  l o s s ,  t h e  c o l l e c -  
t o r  shou ld  be l o c a t e d  as f a r  f r o m  o p t i c a l  su r -  
faces as p o s s i b l e .  

s i d e r e d  s a t i s f a c t o r y ,  t h e  e n t i r e  LOR can be 
enc losed by a p l a s t i c  f i l m  o f  m ic ron  
Such a f i l m  would be r e q u i r e d  t o  t r a n s m i t  r a d i a -  
t i o n  I n  t h e  2 t o  20 pm range. The f i l m  would be 
of  n e g l i g i b l e  mass. 

The m e r i t s  o f  an enc losed LOR over  an exposed 
f l u i d  LOR have n o t  been a p p r e c i a t e d .  S p a c e c r a f t  
users  and m i s s i o n  p lanners  a r e  g e n e r a l l y  uncom- 
f o r t a b l e  w i t h  exposed f l u i d  r a d i a t o r s .  E n c l o s i n g  
t h e  d r o p l e t  sheet ,  genera to r ,  and c o l l e c t o r  does 
n o t  p r e s e n t  any s i g n i f i c a n t  t e c h n i c a l  cha l l enges ,  
assuming a s u i t a b l e  m a t e r i a l  i s  i d e n t i f i e d .  The 
advantages a r e  enormous. I t  i s  recogn ized  t h a t  
m ic rometeo ro ids  w i l l  p u n c t u r e  t h e  f i l m  many t imes  
over  t h e  r a d i a t o r  l i f e t i m e .  The e f f e c t s  o f  such 
exposure have been c a l c u l a t e d 4 5  i n  d e t a i l  f o r  a 
10 y r  r a d i a t o r  l i f e t i m e .  Desp i te  repeated  punc- 
t u r e s  by m ic rometeo ro ids ,  t h e  f i l m  would f u l f i l l  
i t s  I n tended  f u n c t i o n .  Vapor p r e s s u r e  r e q u i r e -  
ments can be r e l a x e d  t o  1 0 - 6 t o r r , 4 5  s i n c e  contam- 
i n a t i o n  I s  no  l o n g e r  a concern .  Atmospher ic d r a g  
on t h e  d r o p l e t  sheet  would be reduced, thus  rernov- 
i n g  c o n s t r a i n t s  on LOR o r i e n t a t i o n  f o r  250 km 
o r b i t s .  Atomic oxygen f l u x e s  i n s i d e  t h e  f i l m  
would be lower  t h a n  ambient va lues .  Some f i l m  
m a t e r i a l s  would reduce t h e  i n t e n s i t y  o f  uV 
r a d i a t i o n  on t h e  d r o p l e t s .  Thus, work ing  f l u i d  
c o m p a t i b i l i t y  requ i remen ts  c o u l d  p rove  e a s i e r  t o  
ach ieve .  

I f  t h e  approaches o u t l i n e d  above a r e  n o t  con- 

I n  c o n c l u s i o n ,  c o n t a m i n a t i o n  concerns f o r  an 
LDR have g e n e r a l l y  been addressed by a t t e m p t i n g  
t o  e l i m i n a t e  t h e  sources o f  c o n t a m i n a t i o n .  Drop- 
l e t  s p l a s h i n g  a t  c o l l e c t o r  impact  has n o t  been 
q u a n t i f i e d ,  a l t h o u g h  t h e  c o l l e c t o r  i s  b e i n g  
des igned t o  c a p t u r e  a l a r g e  f r a c t i o n  o f  rebounded 
d r o p l e t s .  Low tempera tu re  work ing  f l u i d s  w i t h  
vapor p ressu res  o f  t o r r  have been deve l -  
oped, and thus  e v a p o r a t i o n  r a t e s  a r e  q u i t e  low.  
L i q u i d  me ta l s  o f  i n t e r e s t ,  n o t a b l y  g a l l i u m ,  can 
have even lower  vapor p ressu res .  An enc losed LOR 
may o n l y  be necessary  t o  a l l e v i a t e  user  concerns ,  
as con tamina t ion  may n o t  be s i g n i f i c a n t .  For 
many m iss ions ,  e n c l o s i n g  t h e  LDR i n  a t r a n s p a r e n t  
f i l m  I s  p r o b a b l y  n o t  necessary .  P r e c i s e  conc lu -  
s i o n s  cannot  be made, s i n c e  c o n t a m i n a t i o n  r e q u i r e -  
ments f o r  f u t u r e  m i s s i o n s  have n o t  been d e f i n e d .  

M I  c r o q r a v l  t y  Tes t i  n q  

Development o f  an LOR r e q u i r e s  a demons t ra t i on  
o f  genera to r ,  c o l l e c t o r ,  and d r o p l e t  sheet p e r -  
formance I n  m l c r o g r a v i t y .  Proper des ign  o f  t h e  
d r o p l e t  genera to r  r e q u i r e s  an assessment o f  t r a n -  
s i e n t  o p e r a t i o n  i n  m i c r o g r a v i t y .  O f  p a r t i c u l a r  
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i n t e r e s t  a r e  t h e  e f f e c t s  o f  a f l u i d  f i l m  on j e t  
f o r m a t i o n ,  and subsequent b reak  up o f  t h e  j e t  
i n t o  u n i f o r m  d r o p l e t s .  To t h i s  end, t e s t i n g  i s  
c u r r e n t l y  b e i n g  conducted a t  t h e  NASA Lewis Zero 
G r a v i t y  F a c i l i t y .  wh ich  a l l o w s  5.2 sec o f  10-5 g 
t e s t i n g .  The exper imen ta l  appara tus  i s  descr ibed 
elsewhere,17 and a l l o w s  a c t i v i t y  a t  t h e  d r o p l e t  
g e n e r a t o r  t o  be f i l m e d  a t  400 f rames/sec. Only 
p r e l i m i n a r y  conc lus ions  can be drawn f r o m  t h e  
t e s t i n g  t o  da te .  The d e s i r e d  j e t  f o r m a t i o n  has 
been demonst ra ted  f o r  two i m p o r t a n t  c o n d i t i o n s .  
I n  one s e r i e s  o f  t e s t s ,  t h e  e x i t  s i d e  o f  t h e  gen- 
e r a t o r  was n o t  wet by t h e  l i q u i d  b e f o r e  j e t  
s t a r t u p .  T h i s  c o n d i t i o n  i s  t h e  p r e f e r r e d  mode o f  
genera to r  o p e r a t i o n .  I n  ano the r  s e r i e s  o f  t e s t s ,  
t h e  j e t  b roke  th rough  a 6 mm t h i c k  poo l  o f  l i q u i d  
a f t e r  f l o w i n g  th rough  t h e  o r i f i c e .  I n  b o t h  cases, 
t h e  j e t s  immedia te ly  ach ieved t h e  d e s i r e d  t r a j e c -  
t o r y ,  w i t h  no m i s d i r e c t i o n  a t  t h e  i n s t a n t  o f  
s t a r t u p .  O r i f i c e  d iameters  i n v e s t i g a t e d  t o  date 
a r e  85, 135, and 200 vm. T e s t i n g  w i t h  a t h i n  
f i l m  (maybe 500 vm t o  1 mm t h i c k )  p resen t  be fo re  
s t a r t u p  i s  i n  p rog ress .  O f  p a r t i c u l a r  importance 
w i l l  be f u t u r e  t e s t s  w i t h  1 0 - o r i f i c e  a r r a y s .  
l h e s e  t e s t s  w i l l  c l o s e l y  s i m u l a t e  t h e  s t a r t u p  o f  
a a r o p i e t  genera to r  i n  o r D i t .  

Development o f  a c e n t r i f u g a l  c o l l e c t o r ,  cur -  
r e n t l y  b e i n g  c a r r i e d  o u t  by MDAC, Spec t ra  l e c h -  
no logy ,  and Spect ron  Development Labs, w i l l  
r e q u i r e  zero  g r a v i t y  demons t ra t i on .  T h i s  i s  cur-  
r e n t l y  p lanned f o r  March 1988. F u t u r e  t e s t i n g  o f  
a s u b - s c a l e  LOR p r o t o t y p e  i s  b e i n g  p lanned as 
p a r t  o f  t h e  l e c h n o l o g y  Development and M i s s i o n  
Exper iments  (TDMX) program. l o  t h i s  end, NASA 
Lewis and NASA Johnson personne l  a r e  work ing  t o  
d e f i n e  requ i remen ts .  

- M i s s i o n  __ and - *tern ___I A n a l y s j s  

A mean ing fu l  comparison o f  t h e  LOR w i t h  a l t e r -  
n a t i v e  r a d i a t o r  concepts r e q u i r e s  an accu ra te  
e s t i m a t i o n  o f  LDR system mass. E a r l y  system 
s t u d i e s 4 * 2 2 * 3 9  a r e  m i s l e a d i n g ,  s i n c e  system 
mass es t ima tes  a r e  g r o s s l y  i n  e r r o r .  The f i rs t  
good e s t i m a t e  o f  system mass5 was based on 
r e l i a b l e  mass es t ima tes  f o r  t h e  genera to r ,  c o l -  
l e c t o r ,  w o r k i n g  f l u i d ,  s t r u c t u r e ,  r e t u r n  p ipes ,  

~ ? ~ n ! ~ ~ p ~  have improved on t h e  i n i t i a l  assump- 
t i o n s .  More r e f i n e d  system s t u d i e s  a r e  con t ingen t  
on t h e  s p e c i f i c  des igns  f o r  t h e  d r o p l e t  genera tor  
and c o l l e c t o r .  A l a r g e  p o r t i o n  o f  t h e  d r o p l e t  
genera to r  mass i s  t h a t  o f  t h e  w o r k i n  
A focus  i n  c u r r e n t  genera to r  des ign23 i s  t o  
reduce i t s  mass, and t o  a c c u r a t e l y  e s t i m a t e  the  
mass o f  t h e  improved d e s i  n .  A p r e l i m i n a r y  e s t i -  
mate o f  s t r u c t u r a l  mass5*$6 cons ide rs  t h e  f r e -  
quenc ies  and v i b r a t i o n a l  modes wh ich  must be 
avo ided i n  d e s i g n i n g  t h e  t r u s s  s t r u c t u r e .  S i m i  
l a r  c o n s i d e r a t i o n s  have been made i n  e s t i m a t i n g  
g e n e r a t o r  and c o l l e c t o r  mass.5 D e t a i l s  o f  t h e  
system mass es t ima tes  w i l l  n o t  be d i scussed  here.  

Proper des ign  o f  a t o t a l  LDR system requ i res  
a p a r a m e t r i c  i n v e s t i g a t i o n  o f  key i ssues .  Drop- 
l e t  sheet  geometry f o r  a g i v e n  hea t  r e j e c t i o n  
l o a d  must be de termined b e f o r e  genera to r  and c o l -  
l e c t o r  des igns  can be f i n a l i z e d .  I f  d r o p l e t s  
spac ing  i s  g r e a t e r  t h a n  10  d iamete rs ,  t h e  d r o p l e t  
sheet  behaves e s s e n t i a l l y  as i s o l a t e d  d r o  l e t s ,  
w i t h  v e r y  l i t t l e  o c c l u s i o n  o f  r a d i a t i ~ n . ~ ~  
Such an o p t i c a l l y  t h i n  sheet  i s  h i g h l y  e f f i c i e n t ,  
b u t  i s  a s s o c i a t e d  w i t h  a massive genera to r  and 

. Subsequent system mass c a l c u l a -  

f l ~ i d . ~ * * ~  

c o l l e c t o r .  An o p t i c a l l y  dense sheet  ( h i g h  T) 
i s  l e s s  e f f i c i e n t ,  b u t  component masses and sheet  
a rea  a r e  l ower .  For a g i v e n  work ing  f l u i d  w i t h  
d r o p l e t  em i t tance ,  c0. choos ing  T = 0 . 5 ~ ~  was 
determined t o  be  an optimum c h o i c e  between a l o w  
mass LOR and a minimum area des ign .40  F u r t h e r  
i n s i g h t  i n t o  t h e  optimum sheet  geometry c o n s i d e r s  
t h e  i n c r e m e n t a l  i n c r e a s e  i n  sheet  em i t tance  w i t h  
a d d i t i o n a l  d r o p l e t  l a y e r s , 1 2 * 3 7  as shown i n  
F i g .  13 .  

Proper c h o i c e  o f  d r o p l e t  v e l o c i t y ,  d iamete r ,  
and work ing  f l u i d  was examined i n  an LDR systems 
s tudy  a t  MDAC.6 Because o f  s e v e r a l  q u e s t i o n a b l e  
es t ima tes  o f  system mass, some o f  t h e  conc lus ions  
a r e  q u a n t i t a t i v e l y  i n  e r r o r .  Never the less ,  t h e  
f i n d i n g s  a r e  s i g n i f i c a n t ,  s i n c e  q u a l i t a t i v e  con- 
c l u s i o n s  can be drawn. The e f f e c t s  o f  v e l o c i t y  
were s t u d i e d  f o r  1 and 10 MW LDR's. Lower v e l o c -  
i t i e s  were p r e f e r r e d  a t  1 MW, and h i g h e r  v e l o c i -  
t i e s  a t  10 MW. T h i s  was found t o  depend on t h e  
r e l a t i v e  c o n t r i b u t i o n s  o f  t h e  c o l l e c t o r  and t h e  
s u p p o r t i n g  s t r u c t u r e  t o  t h e  t o t a l  system mass f o r  
t h e  1 and 10 MW des igns .  Thus, no s imp le  c r i t e r -  
i o n  on d r o p l e t  v e l o c i t y  can be s t a t e d ,  s i n c e  t h e  
cho ice  w i l l  depend on m i s s i o n  requ i remen ts .  The 
e f f e c t s  o f  d r o p l e t  d iamete r  a r e  s i m i l a r .  For  
nonopaque o i l s ,  d iamete r  has a s i g n i f i c a n t  e f f e c t  
on d r o p l e t  em i t tance ,  whereas f o r  me ta l s ,  I t  does 
n o t .  The e f f e c t s  o f  d r o p l e t  d iamete r  on LDR sys-  
tem mass have been s t u d i e d  f o r  an  LDR r e j e c t i n g  
l i t h i u m  d r o p l e t s  a t  510 K.46 For  t h i s  LOR p o i n t  
des ign ,  s m a l l e r  d r o p l e t s  s i g n i f i c a n t l y  decreased 
LDR system mass. System mass was found t o  be 
q u i t e  s e n s i t i v e  t o  f l u i d  d e n s i t y ,  f l u i d  s p e c i f i c  
hea t ,  and e m i s s i v i t y .  System mass i s  a weak func -  
t i o n  o f  r a d i a t o r  o r i e n t a t i o n  ( w i t h  r e s p e c t  t o  t h e  
sun, e a r t h ,  and s p a c e c r a f t )  .6 

The optimum r a t i o  o f  sheet  w i d t h  t o  l e n g t h  i s  
h i g h l y  dependent on power l e v e l s  and m i s s i o n  
requ i remen ts ,  e s p e c i a l l y  f o r  a t r i a n g u l a r  LOR. 
A s  d i scussed  e a r l i e r ,  c h o i c e  o f  t h i s  r a t i o  depends 
on t h e  behav io r  o f  c o l l i d i n g  d r o p l e t s .  I f  coa les -  
cence o f  d r o p l e t s  c o l l i d i n g  a t  h i g h  impact  v e l o c -  
i t i e s  (-5 m/s) does n o t  occu r ,  t h e  w i d t h / l e n g t h  
r a t i o  must be chosen t o  e l i m i n a t e  d r o p l e t  sp lash -  
i n g  i n  a h i g h l y  focused d r o p l e t  sheet .  D r o p l e t  
v e l o c i t y  a l s o  has a s i g n i f i c a n t  impact  on t h e  
aspec t  r a t i o .  A p roper  c h o i c e  o f  aspec t  r a t i o  
depends on many f a c t o r s ,  and has a p p a r e n t l y  n o t  
been i n v e s t i g a t e d  i n  d e t a i l .  

W i th  LDR system mass known, p o t e n t i a l  m iss ions  
enhanced o r  enab led  by an LDR can be eva lua ted .  
A knowledge o f  power system mass and o p e r a t i o n  i s  
r e q u i r e d .  For dynamic power systems, i t  i s  some- 
t imes  necessary  t o  r e - o p t i m i z e  t h e  c y c l e  f o r  an 
LOR.17 
o f  power system mass47 a t  mu l t i -megawat t  l e v e l s .  
A lower  hea t  r e j e c t i o n  tempera tu re  improves c y c l e  
e f f i c i e n c y  b u t  a l s o  i nc reases  r a d i a t o r  mass. S i g -  
n i f i c a n t l y  lower  LDR s p e c i f i c  mass, as compared t o  
e x i s t i n g  techno logy ,  r e q u i r e s  a r e - o p t i m i z a t i o n  o f  
t h e  power c y c l e .  A lower  hea t  r e j e c t i o n  tempera- 
t u r e  may m i n i m i z e  t h e  need f o r  recupera ted  dynamic 
c y c l e s ,  t hus  l o w e r i n g  t h e i r  mass. A p roper  com- 
p a r i s o n  o f  r a d i a t o r  concepts  must c o n s i d e r  these  
f a c t s .  

R a d i a t o r  mass i s  a dominant percentage 

Many t ypes  o f  m i s s i o n s  wh ich  wou ld  po ten-  
t i a l l y  b e n e f i t  f r o m  an LDR have been i n v e s t i -  
ga ted .5p6*17  NASA and DO0 m i s s i o n s  r e q u i r i n g  
b u r s t  power, t h e  s to rage  o f  c ryogen ic  f u e l s ,  and 
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h i g h  m a n e u v e r a b i l i t y  a r e  examples. The r e l a t i v e  
ease w i t h  wh ich  an LDR can be dep loyed,  as i l l u s -  
t r a t e d  i n  F i g .  2, a l l ows  h i g h  m a n e u v e r a b i l i t y  
m iss ions  t o  be cons idered.  An LDR would n o t  be 
a p p l i c a b l e  f o r  miss ions  r e q u i r i n g  con t inuous  hea t  
r e j e c t i o n  d u r i n g  maneuvering. M iss ions  where 
r a p i d  a t t i t u d e  ad jus tments  a r e  r e q u i r e d  b e n e f i t  
f r o m  an LDR, i f  a s h o r t - t e r m  thermal  s to rage  sys- 
tem I s  i n c l u d e d .  Mult i -megawatt  m i s s i o n s  r e q u i r e  
l a r g e  r a d i a t o r  areas. For c o n v e n t i o n a l  t e c h n o l -  
ogy, a 1000 m2 r a d i a t o r  l i m i t s  m a n e u v e r a b i l i t y .  
T h i s  i s  no l o n g e r  a concern  f o r  an LOR wh ich  can 
be q u i c k l y  reduced i n  a rea .  For c e r t a i n  DO0 mis -  
s i o n s ,  a l a r g e  area  c o n v e n t i o n a l  r a d i a t o r  would 
be an i n v i t i n g  t a r g e t  f o r  h o s t i l e  t h r e a t s ;  t h e  
LDR d r o p l e t  sheet ,  which rep resen ts  t h e  m a j o r i t y  
o f  LOR area, may be l e s s  s u s c e p t i b l e  t o  such 
 threat^.^.^ 
p a r t i c l e  beam veh ic les ,  g rowth  v e r s i o n s  o f  Space 
S t a t i o n ,  c e r t a i n  SP-100 m iss ions ,  and space based 
r a d a r  a r e  a l l  p o t e n t i a l l y  enhanced by an LDR. An 
O T V  u s i n g  a nuc lea r  B ray ton  c y c l e  w i t h  an LOR t o  
genera te  10  MW o f  e l e c t r i c a l  power has been 
s tud ied ,48  and t h e  advantages o f  an LOR were 
c l e a r l y  demonstrated. 

Manned space p l a t f o r m s ,  l a s e r  and 

S ince  t h e  r a d i a t o r  i s  such a dominant percen-  
tage  o f  power system mass f o r  l a r g e  power sys- 
tems,47 e x t e n s i v e  i n v e s t i g a t i o n  o f  LOR usage i n  
megawatt and k i l o w a t t  m iss ions  has been conducted. 
F l g u r e  1546 shows the power l e v e l s  a t  wh ich  ce r -  
t a i n  LDR w o r k i n g  f l u i d s  a r e  most advantageous. 
R a d i a t o r  s p e c i f i c  power f o r  aluminum, t i n ,  and 
l i t h i u m  LDR's i s  maximized around 5 MW. For lower  
tempera tu re  h e a t  r e j e c t i o n .  an LOR u s i n g  NaK as a 
work ing  f l u i d  i s  p r e f e r r e d  a t  t h e  200 kW power 
l e v e l .  D i r e c t  comparisons o f  LDR and hea t  p i p e  
techno logy  a r e  shown i n  F i g s .  16  and 17. 
F i g u r e  16 i n d i c a t e s  t h e  r a d i a t o r  s e c i f i c  power 
f o r  cand ida te  LOR work ing  For  com- 
p a r i s o n ,  hea t  p i p e  techno logy  assuming a 5 kg/m2 
s p e c i f i c  mass and a s u r f a c e  e m i s s i v i t y  o f  0.85 I s  
a l s o  shown. I f  d r o p l e t  em i t tance  o f  t h e  l i q u i d  
me ta l s  can be improved w i t h  a h i g h  e m i s s i v i t y  
a d d i t i v e  d i s t r i b u t e d  on t h e  d r o p l e t  su r face ,  LOR 
Performance i s  even more Impress i ve .  The p a r a l -  
l e l  LOR c o n f i g u r a t i o n  o f  F i g .  10  e l i m i n a t e s  t h e  
mass of  f l u i d  r e t u r n  l i n e s ,  and m in im izes  s t r u c -  
t u r a l  mass. I f  t h i s  arrangement i s  employed, t h e  
LOR s p e c i f i c  powers o f  F i g .  16  a r e  even h i g h e r .  
L i t h i u m ,  NaK, and Dow Corn ing  705 LDR's can be 
seen t o  be 5 t o  10 t imes l i g h t e r  t h a n  hea t  p i p e  
r a d i a t o r s .  The e f f e c t  o f  power c y c l e  tempera ture  
r a t i o  on t h e  mass of a 100 kWe n u c l e a r  S t i r l i n g  
power can be seen i n  F i g .  17.  An LDR 
i s  p r e f e r r e d  when the  d r o p l e t  sheet  em i t tance  i s  
g r e a t e r  t h a n  0.3, which i s  e a s i l y  ach ieved a t  
r e a l i s t i c  sheet  o p t i c a l  t h i cknesses .  The 
S t i r l i n g  c y c l e  h o t  end tempera tu re  i n  t h i s  case 
I s  1050 K ,  i m p l y i n g  t h e  use o f  l i t h i u m  o r  a 
e u t e c t i c  t o  be compat ib le  w i t h  r e j e c t i o n  tem- 
p e r a t u r e s  o f  450 t o  600 K .  

Conclusions and .Future E f f o r t s  

Development o f  an LDR i s  p roceed ing .  To da te ,  
no u n r e s o l v a b l e  t e c h n i c a l  i ssues  have been iden -  
t i f i e d .  Rec tangu lar  and t r i a n g u l a r  geomet r ies  
appear t o  be t h e  m o s t  p r o m i s i n g  o f  a l l  t h e  LDR 
c o n f i g u r a t i o n s  proposed t o  da te .  Opera t i on  o f  
t h e  l i n e a r  c o l l e c t o r  has been demonstrated i n  
s imu la ted  m i c r o g r a v i t y  t e s t i n g .  b u t  a f u r t h e r  
demons t ra t i on  o f  c o l l e c t o r  pumping i s  r e q u i r e d .  
I f  success fu l  o p e r a t i o n  o f  a c e n t r i f u g a l  c o l l e c t o r  

can  be demonst ra ted ,  t h e  t r i a n g u l a r  ( f ocused)  LDR 
w i l l  be t h e  p r e f e r r e d  c o n f i g u r a t i o n .  

A concep tua l  d e s i g n  o f  a l i q u i d  d r o p l e t  gen- 
e r a t o r ,  a p p l i c a b l e  f o r  e i t h e r  a focused o r  
un focused sheet ,  has been p resen ted .  The d e s i g n  
c o n s i d e r s  t h e  c o n s t r a i n t s  on d r o p l e t  f o r m a t i o n  
t h a t  have been observed e x p e r i m e n t a l l y .  O r i f i c e  
f a b r i c a t i o n  l i m i t a t i o n s  t h a t  have been i d e n t i f i e d  
a r e  cons ide red  i n  d e t e r m i n i n g  t h e  degree t o  wh ich  
t h e  g e n e r a t o r  shou ld  be segmented. M o d u l a r i z a t i o n  
o f  t h e  g e n e r a t o r  a l l o w s  i t  t o  be r e s i s t a n t  t o  
s i n g l e  p o i n t  f a i l u r e  r e s u l t i n g  f r o m  mic rometeo ro id  
encounters  o r  o t h e r  f a i l u r e  modes. 

Proper s i z i n g  and geometry o f  t h e  d r o p l e t  
sheet  have been cons ide red  i n  d e t a i l .  The hea t  
r a d i a t e d  f r o m  t h e  r e c t a n g u l a r  sheet  has been 
ana lyzed  i n  d e t a i l .  A n a l y t i c a l  p r e d i c t i o n s  f o r  a 
c y l i n d r i c a l  d r o p l e t  c l o u d  were found t o  be i n  
v e r y  good agreement w i t h  exper imen ta l  observa-  
t i o n s .  R a d i a t i v e  behav io r  o f  a focused d r o p l e t  
sheet  has n o t  been ana lyzed i n  as much d e t a i l ,  
and i s  l e s s  w e l l  unders tood.  The d r o p l e t  sheet  
i s  found t o  be r e l a t i v e l y  immune t o  m ic rometeo ro id  
showers and h o s t i l e  t h r e a t s .  However, a tmospher ic  
d r a g  on a d r o p l e t  sheet  may l i m i t  t h e  LDR t o  mis -  
s ions  above 250 km. D r o p l e t  c h a r g i n g  i n  t h e  space 
plasma i s  shown t o  be I n c o n s e q u e n t i a l .  S i m i l a r l y ,  
d r o p l e t  c o l l i s i o n s ,  e s p e c i a l l y  i n  a focused sheet ,  
w i l l  r e s u l t  I n  coa lescence r a t h e r  than  s p l a s h i n g  
i f  t h e  LDR i s  p r o p e r l y  des igned.  

A number o f  cand ida te  LDR work ing  f l u i d s  cov- 
e r i n g  t h e  270 t o  1000 K range have been i d e n t i -  
f i e d .  Long t e r m  s t a b i l i t y  o f  cand ida te  f l u i d s  i n  
o r b i t a l  env i ronments  o f  I n t e r e s t  i s  s t i l l  under 
I n v e s t i g a t i o n .  C e r t a i n  f l u i d s  appear t o  be 
r e s t r i c t e d  t o  c e r t a i n  t ypes  o f  m iss ions ,  b u t  more 
research  I s  r e q u i r e d .  Working f l u i d s  must be 
p r o p e r l y  chosen t o  m i n i m i z e  p o s s i b l e  s p a c e c r a f t  
c o n t a m i n a t i o n  f r o m  e v a p o r a t i n g  d r o p l e t s .  W i thou t  
w e l l - d e f i n e d  m i s s i o n  requ i remen ts ,  i t  i s  imposs i -  
b l e  t o  q u a n t i f y  vapor p ressu re  requ i remen ts  nec- 
essa ry  t o  address  t h i s  concern .  

Other  mechanisms by wh ich  an LDR c o u l d  po ten-  
t i a l l y  con tamina te  a s p a c e c r a f t  have been i d e n t i -  
f i e d .  Proper LDR system d e s i g n  m in im izes  these  
concerns .  The use o f  an enc losed LDR w i l l  f u r -  
t h e r  a l l e v i a t e  user  concerns about  p o s s i b l e  space- 
c r a f t  con tamina t ion .  

For a w ide  range o f  m iss ions ,  LDR's a r e  found 
t o  be advantageous when compared t o  hea t  p i p e  
r a d i a t o r s .  Comparison o f  t h e  LOR w i t h  o t h e r  p r o -  
posed advanced r a d i a t o r s  i s  d i scussed  e l s e -  
where.9*25.45p49 T o t a l  LDR mass i s  o f t e n  5 t o  
10 t imes  l e s s  t h a n  f o r  5 k g / d  hea t  p i p e  t e c h -  
no logy ,  e s p e c i a l l y  f o r  megawatt r e j e c t i o n  l e v e l s .  
A much l i g h t e r  r a d i a t o r  r e q u i r e s  t h a t  power c y c l e s  
be r e o p t i m i z e d ,  s i n c e  t h e  r a d i a t o r  mass p e n a l t y  
a t  l ower  power c y c l e  r e j e c t i o n  tempera tures  i s  
l e s s  s i g n i f i c a n t  w i t h  an LDR. 

I n  LOR development t o  da te ,  t h e  r e l e v a n t  
t echno logy  i s s u e s  have been I d e n t i f i e d  and a n a l -  
yzed. A number o f  i s s u e s  have been reso lved ,  
w i t h  un reso lved  i s s u e s  b e i n g  a c t i v e l y  i n v e s t i g a -  
t e d .  I t  I s  necessary  t o  a c c u r a t e l y  assess t h e  
spray  q u a l i t y  a f f o r d e d  by c u r r e n t  NASA Lewis fab- 
r i c a t i o n  techno logy .  The behav io r  o f  t h e  d r o p l e t  
g e n e r a t o r  a t  s t a r t u p  and shutdown i n  m i c r o g r a v i t y  
must be  f u r t h e r  i n v e s t i g a t e d .  A c e n t r i f u g a l  
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c o l l e c t o r  must be demonstrated i n  b o t h  e a r t h  and 
ze ro  g r a v i t y  env i ronments .  More d e t a i l e d  genera- 
t o r  and c o l l e c t o r  des igns  w i l l  a l l o w  more accura te  
LOR system mass es t ima tes  t o  be made. Promising 
w o r k i n g  f l u i d s  I d e n t i f i e d  t o  d a t e  must be f u r t h e r  
i n v e s t i g a t e d  f o r  l o n g  t e r m  chemica l  s t a b i l i t y .  
To da te ,  no c r i t i c a l  t echno logy  I ssues  w i t h o u t  a 
p l a u s i b l e  s o l u t i o n  have been i d e n t i f i e d .  

G iven c u r r e n t  f u n d i n g  and manpower l i m i t a -  
t i o n s ,  i t  appears t h a t  t h e  i ssues  d iscussed above 
w i l l  be s u f f i c i e n t l y  r e s o l v e d  by t h e  end o f  1988. 
A demons t ra t i on  o f  a p r e - p r o t o t y p e  LOR would then 
be p lanned,  assuming t h a t  no I n s o l u b l e  c r i t i c a l  
i s s u e s  a r e  d i scove red  b e f o r e  then.  NASA Lewis i s  
c u r r e n t l y  p a r t i c i p a t i n g  i n  t h e  TDMX Program t o  
deve lop  p lans  f o r  demons t ra t i on  o f  a p r e - p r o t o t y p e  
LOR, u s i n g  e i t h e r  STS o r  t h e  Space S t a t i o n  as t h e  
exper imen ta l  t e s t  bed. Severa l  nongovernment 
o r g a n i z a t i o n s  have developed and submi t ted  s i m i l a r  
p roposa ls .  
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RADIATIVE "FINS" AND "HEAT PIPES" OF CONVENTIONAL RADIATORS 
REPLACED BY MULTIPLE STREAMS OF UNIFORM L IQUID DROPLETS 
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FIGURE 1. - LIQUID DROPLET RADIATOR CONCEPT, 
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FIGURE 2. - DEPLOYMENT OF RECTANGULAR LDR. 
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FIGURE 3. - TRIANGULAR LDR. 
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FIGURE 4. - DISTANCE A SINGLE DROPLET STREAM CAN TRAVEL 
WITHOUT SIGNIFICANT AGGLOMERATION. WITH NONDIMENSIONAL 
WAVENUMBER AND VELOCITY DISPERSION AS PARAMETERS. 
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FIGURE 5 .  - EXPERIMENTAL ORIFICE GEOMETRIES, 

FIGURE 6.  - FOCUSED. MODULAR DROPLET GENERATOR. 
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r A U X I L I A R Y  F I L M  INJECTION 
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0 -BACKFLOW OCCURS UNLESS 
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LINEAR COLLECTOR SURFACE CD-87-25546 

INCIDENT DROPLET STREMS 

FIGURE 7. - LINEAR COLLECTOR SCHEMATIC, AND USE OF AUXILIARY F I L M  
TO PREVENT BACKFLOW ON COLLECTOR SURFACE. 

FIGURE 8. - ONE-SIDED LINEAR COLLECTOR AND GEAR PUMP. 
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FIGURE 9. - CENTRIFUGAL COLLECTOR WITH PITOT TUBE FLUID COLLECTION. 
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FIGURE IO. - USE OF PARALLEL LDR's TO MINIMIZE MASS OF SUPPORTING 
STRUCTURE AND PIPING. 
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FIGURE 11. - DEPENDENCE O f  SHEET EMITTANCE ON 
DROPLET SURFACE EMISSIVITY (Eo), OPTICAL 
DEPTH AND METHOD OF DROPLET SCATTERING. 
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FIGURE 12. - EMITTANCE OF CYLINDRICAL CLOUD OF FIGURE 13. - DEPENDENCE OF SHEET EMITTANCE ON DROPLET 
DROPLETS FOR SEVERAL VALUES OF DROPLET 
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SURFACE EMISSIVITY, Eon AND SHEET GEOMETRY PARAMETER. 

RESULTS WITH THEORETICAL PREDICTIONS. 
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FIGURE 14. - VAPOR PRESSURES OF CANDIDATE RADIATOR FLUIDS. 
MAXIMUM VAPOR PRESSURE LIMITS FOR ENCLOSED AND EXPOSED 
RADIATORS DESIGNED FOR 30 YEAR LIFETIMES. 
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FIGURE 15. - LDR SPECIFIC POWER FOR AL, L I .  SN, AND 
NAK WORKING FLUIDS. NUMBERS ON CURVES ARE REJEC- 
TION TEMPERATURES ( I N  KELVINS). 
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FIGURE 16. - COMPARISON OF SPECIFIC POWERS FOR LDR 
AND HEAT PIPE RADIATORS. 
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FIGURE 17. - MASS COMPARISONS FOR LDR 
AND HEAT P IPE RADIATOR FOR 100 KWE 
NUCLEAR STIRLING POWER SYSTEM. 
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